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Abstract 
This investigation focuses on the prediction of sediment transport and beach 
evolution in coarse-grained beaches. This includes observed morphological 
changes on both gravel and mixed beaches from experimental investigations at 
the Large Wave Flume (GWK) in Hanover. Germany. The recorded measurements 
show that the majority of morphology change took place adjacent to the zone of 
wave-breaking, close to the shoreline in both cases. Based on these observations, 
the discussions are carried out with psirticular regard to the observed tendency 
for onshore transport axid profile steepening in the swash zone. The aim is to 
identify the cross-shore hydrodynamics and sediment transport mechanisms 
involved, to advance understanding of this type of beach and to improve our 
qucintitative capabilities for predicting shoreline and morphological changes in 
this zone. 
With this in mind, this thesis includes a discussion of the physical processes 
related to swash hydrodynamics and sediment transport. It also introduces the 
description of the mathematical framework used to study wave hydrodynamics in 
the swash zone. Emphasis is given to the Boussinesq equations which have been 
found to be a suitable approach. For these equations an evaluation of the two 
-available -shoreline boundary-conditions is-carried-out and-it-is-shown that-the 
moving shoreline accurately reproduces the velocity field in the swash zone. 
The profile evolution investigation is carried out evaluating the transport rates 
from a bed-load sediment transport formulation coupled with velocities 
calculated from a set of Boussinesq equations [Lynett et al 2002). Then the 
equation for conservation of sediment is solved to estimate the morphological 
changes as proposed by (Rakha et al 1997). It is shown that such an approach is 
useful to investigate the processes that control this evolution. 
A discussion on the influence of bottom friction on the predicted profiles is 
presented. Numerical results in both beaches sho\y that the use of a higher 
friction factor / during uprush improves the simulations of morphological 
changes. However, the variation of friction by itself was not able to reproduce the 
measured profiles. A plausible reason to explain this is that further mechanisms 
other than friction play an important role in the overall response of coarse-
grained beaches. 
For both beaches it is established that, if the efficiency factor (C) in the sediment 
transport equation and bottom friction are kept the same in the uprush and 
backwash, accurate representation of profile evolution is not possible. Indeed, 
the features of the predicted profiles are reversed. 
When the C parsimeter is set larger during the uprush than during the 
backwash, the predicted profiles are closer to the observations. Differences 
between the predicted profiles from setting non-identical C-values and friction 
factors for the swash phase, are believed to be linked to both the infiltration 
effects on the flow above the beachface, the bore collapse picking up sediment 
from the bed, and the accelerated flow in the uprush. The discussion is made 
with reference to main physical processes acting over the beachface for both the 
mixed and gravel beach. 
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CHAPTER 1. iNTRODUCTtON 
Chapter 1. Introduction 
The coastal area is recognised as a natural resource of vast environmental and 
economic importance. The nearshore is a region where intense fluid/sediment 
interactions generate transport that continually changes the local morphology. 
Thus, the processes acting over this area will determine shoreline erosion or 
accretion. With this in mind, it is not surprising that coastal engineers and 
scientists have dedicated great efforts to their investigation, especially to 
understand beach changes in response to a wave climate. However, most of 
these works have been concerned with shoreline changes on sandy beaches. 
Despite the fact that this type of beach is most common around the world, there 
is a large variety of other coastlines whose morphology and behaviour depends 
upon geologic setting, sediment type, climate and human interference. These 
offer a completely different picture to the observer and the researcher. In 
particular, if we focus on the different beach materials, there is a wide range of 
sediment types that vary in size (and material properties), from fine mud and silt 
to gravel and boulders. This variability influences the dominance of those 
processes, mechanisms and forcing conditions that result in the broad range of 
possible coastal morphology environments. 
In the UK, beaches composed of gravel and sand are an important feature of the 
coastline, forming barrier beaches and toe protection along eroding cliffs. Their 
steep inclined slopes range from 1:8 to 1:2. The size of the sediments for the 
gravel varies between 2mm-64mm, however sometimes cobbles ranging in 
64mm-256mm can be found. The lack of research on these beaches in addition 
to their importance in the UK environment makes it particularly important to 
study them. Therefore, the understanding of coarse-grained beaches with steep 
slopes is the focus of this thesis. 
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As can be seen in Figure 1.1 and Figure 1.2 the presence of this type of beach is 
common in the south coast of England, Figure 1.1 presents a picture of Slapton 
sands, a gravel beach in Devon, whereas Figure 1.2 shows a picture of Shoreham 
beach, a gravel beach in Sussex, England. 
Figure 1.1 Slapton sands, gravel beach in Devon, England, 
Figure 1.2 Shoreham beach, gravel beach in Sussex, England (picture by Andrew Chadwick). 
Both the above figures show that the surf zone on steep beaches is 
correspondingly narrower than that observed in sandy beaches and waves break 
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almost at the shoreline. As a result, most of the morphological chainges occur in 
the swash. The upper region of the beachface is generally steepest compared with 
the mean beach face. This indicates the predominance of onshore sediment 
transport. 
Beaches steepen and flatten in response to changes in wave climate as well as 
the constant longshore transport on these sites. Therefore, quantitative 
understanding of the relevant processes in this zone is vital for estimating coastal 
erosion and accretion. 
In this thesis we will focus on processes acting in the cross-shore direction only, 
as their importance in shaping natural beaches has not been clearly identified 
(Elfrink and Baldock, 2002). As a result, it seems necessary to combine carefully 
conducted experiments and systematic modelling in order to advance in the 
understainding of the dynamics of the gravel and mixed beaches. 
Recently, the observation of swash zone hydrodyneunics and sediment transport 
has been an active topic of research. However, most of the efforts to collect data 
in this region has been restricted to ssmdy beaches with mild slopes (Butt et al. 
2002; Butt and Russell 2000; Masselink and Russell in review). In the case of 
coarse-grained beaches with steep slopes, the need for data in this region 
appears to be more evident due to the aforementioned importance of swash zone 
processes in shaping these beaches. With this in mind, a collaborative 
experiment with the participation of the author was set up at the Large Wave 
Flume (GWK) in Hanover, Germany. This was done in order to study the 
morphologicad response of two coarse-grained beaches to the same wave climate 
under controlled conditions. 
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From the mathematical description of the hydrodynamiics in the swash zone, the 
traditional approach has been to use the non-linear shallow water wave 
equations (NLSWE) (Hibberd and Peregrine 1979; Kobayashi et al. 1989; Watson 
ef al. 1992). However, in recent years Boussinesq wave theory has reached a 
level of maturity that is encouraging researchers to use them as an option to 
study morphological changes in the nearshore zone (Long et al. 2004; Long and 
Kirby 2003). Therefore, it seems necessary to carry out a brief comparison of 
both mathematical approaches, to determine which of them provides a measure 
of the velocity (e.g. velocity skewness) to sufficient accuracy. After selecting the 
mathematical framework, there is another issue that needs to be addressed. That 
is, the effect of the available shoreline boundaries in the evaluation of the velocity 
field in this region. 
Once the near-bed velocity is known, the next step is to determine the amount of 
sediment to be moved from the bed. In order to do this, i t is necessary to identify 
the sediment transport mechanisms involved in the evolution of coarse-grained 
beaches. This is done, to recognise those which affect the net direction of 
sediment flux in the swash region. 
It should be noted that the quantification of sediment transport based on the 
fundamental physics has not been established owing to the enormous complexity 
of the phenomenon (Van Rijn 1993). With this in mind, formulae for the sediment 
transport rate have been developed based on a macroscopic approach to 
oscillatory and steady fluid motion. As the focus of this thesis is related to 
beaches with steep slopes, we give emphasis to bed-load sediment transport 
expressions. Then this will be used to derive a morphology module to estimate 
morphological changes. 
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The aim of the present study is to identify the cross-shore hydrodjniamic and 
sediment transport mechanisms that control the profile response of coairse-
grained beaches. The comparisons of numerical results against experimental 
data form the basis of this research. 
In particular the objectives of this work are: 
• Assess the available shoreline boundary conditions for the Boussinesq 
equations to determine their reliability in representing swash 
hydrodynamics. 
• Investigate if it is possible to employ a higher order Boussinesq model 
coupled with a bed-load transport model to investigate the processes that 
control coarse-grained beach evolution. 
• Study the role of bottom friction as a factor affecting the predicted profiles. 
In particular, determine if the use of different friction factors in each 
phase of the swash (uprush and backwash) improves the prediction of 
beach profiles. 
• Examine the contribution of acceleration effects on the prediction of the 
beach profiles using a sediment trcinsport equation as proposed by Drake 
and Calantoni (2001). 
• Study the difference in sediment transport efficiencies in both swash 
phases. Discuss the differences in the C -value in terms of important 
processes for sediment transport. 
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o Summarise the processes that may be having an important contribution 
on the sediment transport and profile evolution for coarse-grained beaches. 
The organisation of this thesis is as follows: Chapter 2 presents a description of 
the physical processes related to hydrodjoiamics in the swash zone. Chapter 3 
introduces the wave theories used to investigate those processes. The 
mathematical expressions are discussed and evaluated with particular regard to 
their velocity estimation in the swash zone. In addition, the comparison of two 
shoreline boundary conditions to investigate their influence on the calculated 
velocity field is carried out. In order to do this, we use experimental data from an 
European project known as SASME (Petti et al. 1999). Chapter 4 presents a 
description of the sediment transport in the swash zone; \yith regard to the 
physical mechanisms that have been found to affect the net direction of sediment 
flux. Chapter 5 introduces the necessary concepts to understand the sediment 
mobility under waves; presenting the expressions of bed-load that are usually 
employed in evaluating sediment transport in the swash zone. Chapter 6 gives 
an overview of the experimental research carried out at the GWK in Germany. 
Details of the selected data employed in this thesis are given. Chapter 7 
describes the modelling approach selected to study the dynanaics of the coarse-
grciined beaches vrith steep slopes. Chapter 8 presents the results and 
discussions by comparing the numerical simulations with the GWK experimental 
data. Finally, Chapter 9 summarises the conclusions and future lines of work 
that have been identified through the development of this study. 
CHAPTER 2 . MAIN PROCESSES IN THE SWASH ZONE 
Chapter 2. Main Processes in the swash zone 
2.1. Introduction 
The swash zone is defined as the area of the nearshore that is intermittently 
covered and uncovered by water due to the wave run-up. In recent years, many 
researchers have identified this area as one of the most important for 
understanding the morphological evolution of beaches. The general perspective is 
that fluid and sediment processes occurring in this region control beach 
evolution. Therefore, it is necessauy to understand all aspects of water flows in 
this zone-(Butt and-Russell 2000; Elfrink and Baldock 2002). " " " 
Swash processes are driven by the inner surf zone and the topography of the 
beachface. The processes that must be considered when working v^th flows in 
this area have been outlined by mamy researchers as stated in the comprehensive 
review by Elfrink and Baldock (2002). Figure 2.1 represents a conceptual 
diagram which includes the physical processes that are necessary to examine if a 
description of this area is sought. Amongst them, we can mention the forcing 
conditions in the inner surf zone, bottom friction, groundwater flows (affecting 
bed boundary layer, inflltration-exfiltration), and turbulence. 
It is important to asses the individual contribution of each of those processes to 
the physics of the flow. By evaluating its importance we will be in position to 
propose a mathematical description for this part ofthe nearshore. 
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Figure 2.1 Physical processes involved in the s w a s h zone 
This chapter presents a description of the physical processes related to the 
swash zone. The aim is to introduce the state of the art on the knowledge of the 
processes acting in this area. This is done in order to accomplish two objectives, 
firstly, to assess their importance in the overall behaviour of the nearshore 
littoral and secondly, to set the boundaries and limitations for the modelling 
approach presented later in this work. In particular, we wi l l discuss forcing 
conditions for the swash zone, turbulence, bottom fr ict ion and groundwater flows. 
2.2. Forcing conditions for swash zone 
The forcing conditions that govern the swash zone hydrodynamics and processes 
are the beach material and the incident wave climate. If we consider the incident 
wave climate, it is clear that this wil l be driven by the conditions in the inner surf 
zone. 
The surf zone is the nearshore region in which the irrotational motion of deep 
water waves is transformed through wave breaking into a range of different f lu id 
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motions. These interactions wil l later govern the shoreline oscillations and swash 
hydrodynamics. 
As reviewed by Svendsen £ind Putrevu (1996) these motions include high 
frequency waves, long waves, edge waves, shear waves, cross-shore and 
longshore currents, turbulence and vortices. Al l these processes govern the 
nature and rate of sediment transport in the nearshore region and therefore 
determine the morphological behaviour of beaches. 
Focusing in the cross-shore direction of the motion, we can classify some of the 
surf zone hydrod5mamic characteristics in relation to the beach slope. Figure 2.2 
presents a summary for the hydrodjoiamic conditions that can be present for 
mild and steep beach slopes, these being two identifiable extremes. The right 
panel of Figure 2.2 shows that mild slopes associated wi th sandy beaches are 
considered almost impermeable and have a wide surf zone. Over this area, 
turbulence and spilling breakers are dissipated and a persistent offshore current 
known as undertow, is observed (Ting and Kirby 1994). On the other hand, i t has 
been observed that when the sediment is coarse (i.e. gravel, mixture of sand and 
gravel) beaches usually have a steep slope wi th plunging breakers acting very 
close to the shoreline, inducing swash oscillations related to the incident wave 
frequencies. This could be a result of a combination of two sediment 
characteristics, the angle of repose for the sediment and the heavier weight of 
coarser material, which induce more dissipation i n the flow. Moreover, in highly 
permeable beds researchers have measured that one of the main effects is that 
the undertow current is reduced through dissipation wi th in the beachface (Lara 
et al 2002). 
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Figure 2.2 Conceptual diagram of hydrodynamics for mild (left panel) a n d steep slopes (right panel). 
In addition, researchers have identified that the dominant wave motion in the 
inner surf zone is determined by whether the surf zone is saturated (short wave 
heights depth hmited) or unsaturated. In the first instance, following Huntley et 
al (1977) many studies have shown that the swash of irregular waves is often 
dominated by low frequency infragravity motions (e.g. Ruessink et al. 1998). This 
is a result of the wave groupiness; they explained that a cross-shore standing 
wave structure is formed by the reflection of incident long waves f rom the 
shoreline, which generates the low frequency motion of the swash. Researchers 
including Guza and Thornton (1982) and Raubenheimer et al. (1995) confirmed 
this thesis on highly dissipative mild slopes. However, when the surf zone is 
unsaturated, the inner surf zone frequently shows a dominance of short wave 
energy. This condition is more relevant to steep beaches where the swash 
motions are largely due to bores f rom broken waves which collapse at the 
shoreline and then propagate up the beach face (see Hibberd and Peregrine 1979). 
The saturation of the surf zone depends on the characteristics of the incident 
waves and the bathymetry seaward of the shoreline. 
Low frequency swash motion is not only related to wave groups because the 
nearshore acts as a wave guide, nearshore wave motions can act as leaky modes 
that escape the nearshore wave guide to the deep ocean, or trapped waves called 
10 
CHAPTER 2. M A I N PROCESSES IN THE SWASH ZONE 
edge waves, that are refractively contained wi th in the wave guide. Groupiness is 
therefore transformed into a moving breaking point, and the model for leaky 
mode generation proposed by Symonds et al (1982) pertains. 
On mildly sloping beaches, when the surf zone is vade and saturated, the wave 
height is controlled by the local water depth by means of wave breaking, any 
increase in the incident wave energy is dissipated through an increase i n wave 
breaking and therefore the wave heights in the inner surf zone remain constant. 
In consequence, it is assumed that there is no wave groupiness close to the 
shoreline due to energy dissipation in this area. 
However, on steeper beaches where the surf zone is very narrow, or beaches with 
incident waves of low steepness, wave breaking may occur much closer to or even 
at the shoreline as *shore breaks* (Raubenheimer and Guza 1996). In this case, 
an increase in the offshore incident wave height wiD result in an increase in the 
wave height in the inner surf zone, resulting in observations of the wave group 
structure close to the shoreline (Holmes et al 1996), in some cases increasing in 
the shorewaird direction (Kobayashi et al. 1989), On steep beaches there is 
insufficient time for all the incident short wave energy to be dissipated, as noted 
by Wright and Short (1984) and Baldock et al (1997), thus the dominant energy 
in the swash is related to the incident frequencies (Mase 1995). 
So, both saturated and unsaturated surf zone conditions, induce different 
hydrodynamic conditions at the shoreline (Battjes 1974) and this has significant 
implications for the modelling of sediment djrnamics, l i t toral currents cind forces 
on coastal structures. 
11 
CHAPTER 2. M A I N PROCESSES IN THE SWASH ZONE 
A parameter that has been used successfully to determine the saturation of the 
surf zone is the surf similarity parameter, also knovm as the Iribarren number, 
that Iribarren and Nogales (1949) defined as: 
ianB 
where, tan/?, Ho and Lo are the beach slope, the deep water wave height and the 
deep water wave length, respectively. 
After the work by Guza and Thornton (1982), this parameter has been applied to 
naturad random waves using the spectral deep water significant wave height and 
the peak wave period. For regular waves, a saturated surf zone and spilling 
breakers may occur for < 0.5 , whereas unsaturated conditions tend to appear 
for ^0 >0-5-
However, the determination of whether infragravity or short wave energy 
dominates the swash zone depends on the relative magnitudes of short and long 
wave energy in the inner surf zone. Guza et al (1984) and others have reported 
that infragravity energy typically dominates i n the swash at low Iribarren 
numbers. 
Therefore, i f we aim to understand the water motions and processes that occur in 
the swash, we need to be able to determine accurately the wave conditions in the 
inner surf zone. This flow represents an ini t ia l forcing boundary for the 
subsequent swash motions. Furthermore, turbulence generated by wave 
breaking may reach the swash zone having a role on the f lu id motions of this 
cirea. 
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2.3. Turbulence 
Wave breaking is the mechanism by which the irrotational motion of the waves is 
transformed into turbulence and currents. Wave brcciking is developed in the 
surf zone and propagates into the inner surf zone like a bore, reaching the 
beachface. As wave breaking occurs, the turbulence associated wi th the 
shoreward motion of bores can reach the bed and this forms an important 
mechanism to generate sediment suspension in the swash zone. 
Most studies of turbulence have been related to the study of hydrodynamics in 
the surf zone. Ting and Kirby "(1994, 1995, 1996) suggested l h a t "turbulence 
dynamics are strongly influenced by the breaker type, wi th mean flow transport 
of kinetic energy offshore under the spilling breaker and onshore under the 
plunging breaker. Later, i n an extension of this experimental study to the swash 
region, Petti and Longo (2001) analysed free surface, wave f ront characteristics, 
fluid velocity and turbulence generated by plunging and collapsing breakers over 
an impermeable steep slope (1:10). Their results showed turbulent energy to be 
higher during uprush than during backwash, thus turbulent energy flux is 
essentially on-shore directed. For the velocity profiles i n the vicinity of the sti l l 
water line (SWL), they concluded that it can be considered as uniform for most 
phases of motion. 
I n a recent field study of sediment transport i n the swash zone of a sandy beach, 
Puleo et al (2000) showed that uprush transport is significantly influenced by 
bore turbulence, which travels over shallow depths, reaching the seafloor and 
maintaining high concentrations of suspended sediment. Therefore, bore 
turbulence is a dominant process in the uprush sediment transport. 
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Within the swash zone, processes like bore collapse, bed fr ic t ion, and backwash 
bores are other sources of turbulence (Puleo et GL 2000). In some cases, wave 
breaking can occur very close to the shoreline. For instance, this can occur over 
steep slopes or in very dissipative beaches which are subjected to the action of 
incident waves wi th low steepness (Longo et al. 2002). However, the role of 
turbulence on the overall behaviour of beach morphology is s t i l l a question to be 
answered i n future research. 
Apart f rom its contribution to the generation of turbulence, bottom fr ict ion has 
been as a key process in this part of the beach. The nature of seafloor in terms of 
a physical boundary, and its effects on the flows above i t must be taken into 
consideration. 
2.4 . Bottom friction 
Researchers such as Hughes (1992, 1995) have pointed to the importance of 
bottom friction with regard to sediment transport in the swash zone. Its direct 
effect on the bed shear stress has an impact not only on the description of swash 
motions but also on sediment movement. Therefore improving our knowledge of 
bottom friction in the swash zone, will directly develop our understanding of 
beach morphodynamics (Hughes et al. 1997b). 
The majority of bed stress determinations come f rom inverse calculations, where 
the shear stress is represented in terms of the quadratic drag law. This 
necessitates prescription of an empirical fr ict ion factor. 
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In an experimental study over an impermeable rough bed, Cox et al (2000) 
concluded that this estimation gave good estimates of bed shear stress along the 
surf and swash zone. They reported an average value of 0.02 for the fr ict ion 
factor. However, in the same work they suggested that in order to improve the 
performance of the drag law i n this part of the beach, different values of fr ict ion 
factor could be considered throughout the swash cycle (uprush and the 
backwash phases). In general, their results showed fr ict ion coefficient estimates 
to be larger during uprush than dur ing backwash. 
Nevertheless, there is still an open discussion on this subject. For instance, 
using data f rom two sandy beaches Puleo and HoUsmd (2001) matched the entire 
swash trajectories wi th a ballistic model for motion. They siiggested that the 
backwash friction factors may be up to three times larger than the uprush 
frict ion values. They propose that the discrepeincies between their results and 
previous studies were either due to the grsiin size and the high percolation effects, 
or to a breakdown of the assumptions of ballistic "water particle" motion at the 
landward edge. 
In contrast, using data f rom a recent field study on a sandy beach, 
Raubenheimer et al (2004) estimated frict ion factors f rom a logarithmic 
approximation of the velocity profile. They measured fluid velocities on a sandy 
beach v^rith mild slope with two stacks of three current meters. Their results 
suggested similar vsdues of f r ic t ion factor for both the uprush and backwash. 
In interpreting these contrasting results, i t must be borne i n mind that the 
measurements and the analysis procedures used i n these investigations are 
different and none of them consider a direct measurement of bed shear stress. 
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Direct measurements of bed stress, usually take one of two forms: bed stress 
measurements by shear plate (Myrhaug et al 2001) and thermal techniques 
(Gust and Weatherly 1995). Nevertheless, in these works none of these 
techniques was applied to field swash zones. Recently, employing hot f i l m 
anemometry, Conley and GrifRn (2004) directly measured bed stress on a sandy 
beach. They reported that friction coefficients were bigger dur ing uprush thein 
dur ing backwash. The difference found between swash phases is in accordance 
wi th that found by Cox et al (2000) in laboratory, although the latter experiment 
was carried out over an impermeable rough bed. 
These discrepancies in these estimations of f r ic t ion factors may well be related to 
the observed'differences in the sediment transport capabilities of the uprush and 
backwash (Masselink and Hughes 1998; Turner cind Masselink 1998). Conley 
and Gri f l in (2004) showed that the bed shear stress is significantly reduced 
under the backwash as compared to the bed shear stress under uprush of the 
same speed. This observation is consistent wi th a boundary layer alteration, 
such as infi l t rat ion vrithin the bed, which v ^ l directly affect the bed stresses 
generated. Furthermore, this inf i l t rat ion depends on groundwater saturation, as 
wi l l be discussed in the following section. 
2.5. Groundwater dynamics 
Groundwater dynamics in the swash zone has been identified as one of the 
processes which may be important for predicting net sediment transport in this 
area (Nielsen 1997). 
The effects of groundwater flows have been recognised as a determining factor in 
the overall behaviour of the beaches when the sediment permeability is high, i.e. 
16 
CHAPTER 2. M A I N PROCESSES I N THE SWASH ZONE 
in the case of coarse grained beaches (Elfrink and Baldock 2002); or when the 
tidal range is big and the possibility of high hydraulic gradients between the 
watertable and the mean water level axe likely (Turner 1995). Despite the 
importance of both cases, most studies have concentrated on the latter case, and 
have been focused on beach groundwater dynamics in the swash zone of sandy 
beaches, or tide induced fluctuations of the beach watertable (Baird and Horn 
1996; Baird et al 1998; Baird ei al 1997; Nielsen and Turner 2000). 
2.5.1. Groundwater system 
The beach groundwater system is a highly dynamic, shallow, unconfined aquifer 
in-which-flows are driven through saturated and-unsaturated sediments by tides,-
waves and swash oscillations. Figure 2.3 illustrates some useful defmitions for 
groundwater dynamics. In this figure i t is possible to identify the mean sea level 
(MSL), which is the average of the sea surface outside the surf zone; the still 
water line, (SWL) defined by the flat surface which would exist i n the absence of 
waves. This imaginary boundary v^dll move up and down wi th tides. 
At a particular state of the tide, the average of the sea surface inside the surf and 
swash zones defines the mean water surface (MWS) or wave setup. This line 
intersects the beach shoreline to define the current position of beach watertable, 
which is considered to be where the wave setup joins the watertable in the beach. 
The watertable oscillates inside an envelope defined by the runup l imit at high 
tide and the rundown l imit at low tide, represented in the figure by UENV and 
LENV. 
The beach watertable strictly represents an equil ibrium surface at which pore 
water pressure is equal to atmospheric pressure. Below the watertable, where the 
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beach materisd is permanently saturated, the pore water pressure is greater than 
atmospheric pressure. There wi l l be a tendency for exfiltration of pore water f rom 
this zone (Nielsen 1997). 
•7 V - C v - - ' - ' ; 'T-.-sV:^;; 5 ' j : r ^ : < - ? u . . V , ^ . - - . ^ . ' 
Figure 2.3 Definition sketch for terms used in groundwater dynamics (Adapted from Horn 2002) . 
The unsaturated zone is delimited by the beach surface and the watertable. In 
this area, the pores are filled vrith air and water and the pore water pressure is 
less than atmospheric pressure. Under these conditions and the action of the 
swash, a percentage of the up-rushing water may infil trate and the 
characteristics of the sediment wil l determine the amount of water to be drained. 
Parameters used to describe the system are: the elevation of the watertable, pore 
water pressures, hydraulic conductivity, specific yield and moisture content. 
Hydraulic conductivity, K , may be defined as the specific discharge per un i t 
hydraulic gradient. The hydraulic conductivity relates the mean discharge 
flowing through a porous substance per un i t cross-section to the total 
gravitational and potential force and has units of velocity LT~^. This parameter 
should be distinguished f rom permeability, which is the measure of the ability of 
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a porous medium to transmit fluids and refers only to the characteristics of the 
porous medium and not to the f lu id which passes through i t . Permeability has 
dimensions of 1} . 
There are several empirical equations to calculate hydraulic conductivity f rom 
grain size. However, researchers including Baird et al (1998) have reported that 
there is an order of magnitude difference between measured and calculated 
hydraulic conductivity. These equations are only applicable to sand-sized 
sediments and may not be valid for coarser sediments or mixed sediment 
distributions. The use of a laboratory permeameter is a more accurate approach 
to obtaining hydraulic conductivity. However, this requires samples of intact 
sediment to be taken from the beach using a coring device. 
It should be noted that hydraulic conductivity is a highly variable parameter, 
Baird et al (1998) obtained a range of values varying between 0.036 and 1.176 
cm/s . This degree of variability is not unusual in many groundwater systems; 
hydraulic conductivity is known to vary even over short distances (Horn 2002). 
The specific yield as defined by Freeze and Cherry (1979) is a dimensionless 
parameter, denoted by s which is also known as the drainable porosity, is 
defined as the volume of water that an unconfined aquifer releases f rom storage 
per un i t surface area of aquifer per un i t decline in watertable. 
The moisture content or volumetric water content, 0 , is defined as the volume of 
water in a sediment or a rock sample divided by the total volume of the sample. 
In saturated conditions, where the pores are filled wi th water, the volumetric 
water content is equal to the porosity. 
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The porosity, usually denoted by w, is the volume of voids in a sediment sample 
divided by the total volume of the sediment sample, usually reported as a 
decimal fraction or percentage. 
All these parameters determine the draining characteristics of the beachface. 
This must influence watertable levels and hence the position of regions of 
saturation and dryness which dictate the importance of inf i l t rat ion effects. 
2.5.2. Watertable 
The watertable is defined as the continuation of the wave setup inside the beach. 
"Slow "drainage "i f i the beach often causes" a'lag "between-the watertable and-the 
tidal excursion (Nielsen and Kang 1995; Turner 1993). 
When the tidal range is high, the differences in velocities for the water below and 
above the beach surface can produce a decoupling between the beach watertable 
and the mean sea surface. Dr£iinage for the groundwater flow is often smaller in 
comparison wi th the speed of the falling tide. 
Figure 2.4 shows this situation where the top of the watertable intersection wi th 
the beachface is decoupled from the MWS. After decoupling occurs, the position 
of this point is independent of the mean sea surface, un t i l i t is overtopped by the 
following rising tide. Below this point, a seepage face is developed on the 
saturated beachface below the watertable. This seepage face is that part of the 
beach profile which is characterised by a glassy surface in sandy beaches. The 
extent of the seepage face depends on the tidal range, the hydraulic properties of 
the beach sediment and the beach slope. 
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Unti l a few years ago, most studies on groundwater flows had been concentrated 
on the study of watertable fluctuations due to tidal forcing (Nielsen 1990; Nielsen 
and Kang 1995; Turner 1995). However, these investigations were carried out on 
sandy beaches, although the watertable does respond to incident waves, the 
frequency of oscillation is not the same as the incident waves. On highly 
permeable beaches, the watertable reacts rapidly due to the incident wave action, 
the interaction of groundwater flow wi th the flow above the beachface influences 
velocity asjmimetry (Clarke et al 2004). This must have an effect on the direction 
of net sediment transport. 
ExfiKntieri 
Figure 2.4 Beach groundwater zones with decoupling from tide. 
2.5.3. Infiltration - Exfiltration 
Infi l trat ion is the process by which water enters into the surface of a porous 
medium, such as beach sediment, in a downward direction f rom the surface. In 
recent years, the term exfiltration has been used to describe the outflow fi-om the 
bed. 
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This physical process refers to the vertical flow wi th in a porous bed £ind/or 
through a permeable boundary. The vertical flow exerts a force wi th in the bed 
called the seepage force. This is defined by Freeze and Cherry (1979) as a force 
acting on an individual grain i n a porous medium under flow, which is due to the 
difference in hydraulic head between the upstream and the downstreemi faces of 
the grain. The seepage force is exerted in the direction of flow and is directly 
proportional to the hydraulic gradient, given by: 
^ = P8Sf (2.2) 
where /:7^is" the~density of the fluid; g is the gravity and Sj^ is the hydraulic 
gradient. 
The impact of infiltration-exfiltration on sediment transport and beach accretion 
or erosion has been recognised; researchers like Grant (1946, 1948) were 
amongst the first who proposed a l ink between the states of erosion or accretion 
wi th the size of the watertable. His conceptual model suggested that a low 
watertable wil l have a dry foreshore and therefore an extensive infi l t rat ion zone. 
The implications of infi l trat ion for sediment transport were identified as a 
decrease in the flow velocity during the backwash, lowering the capacity of the 
flow to tramsport sediments down the profile. 
In a numericcd study using the non-linear shallow water wave equations, 
Packwood (1983) showed that the influence of inf i l t ra t ion is more important 
during the backwash than during the uprush, considerably reducing the 
strength of the backwash in comparison. The action of inf i l t ra t ion during the 
uprush tends to reduce the backwash velocity, inducing an asjmimetry in the 
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flow above the beachface. Moreover, recent experimental studies i n coarse 
grained beaches have shown that swash groundwater dynamics provide an 
important control on sediment transport in the swash zone of coau-se grained 
beaches (Lopez de Sain Roman-Blanco et al 2004, in review). 
Recently, analysing time series of velocity and concentration wi th a modified 
shields parameter, But t et al (2001) found that there is a crit ical grain size at 
which the influence of infil tration-exfiltration changes f rom offshore to onshore. 
Furthermore, this was numerically confirmed by Karambas (2003) wi th a 
Boussinesq model coupled wi th a porous flow model. He identified a critical graiin 
size dictating the dominance of these efi'ects. This investigation also concluded 
that relatively small changes in fr ict ion factor might change the direction of the 
apparent influence of infil tration-exfiltration, also mentioning that the wave 
conditions (e.g. wave height and period) have no influence on this process. 
The thickening and thinning of the bed boundairy layer has been identified as 
another mechanism that could affect sediment transport in the swash zone 
(Turner and Masselink 1998). This effect has been described as a consequence of 
seepage flows on bed boundary layer, suggesting that inf i l t ra t ion tended to 
stabilise the flow and exfiltration tended to destabilise i t (Conley and Inman 
1994). On the other hand, researchers have identified the stabilisation-
destabilisation of the bed as another consequence firom infil tration-exfil tration. 
Interestingly, this mechanism may have an opposite effect to that of the 
boundary layer (Hughes et al 1997b; Nielsen 1997), They state that during 
uprush, dovmwards directed pressure gradients (infiltration) wi l l increase the 
effective weight of the sediment, stabilising the bed and decreasing the potential 
of sediment to be transported. In addition, during backwash the upwards 
directed pressure gradients increase sediment transport reducing the effective 
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weight of tiie sediment. Therefore the net effect of this process is towards the 
offshore direction. 
2.5.4. Fluidisation 
Groundwater flows have also been thought to cause bed failure due to 
instantaneous fluidisation of sediments. This occurs when the upward-acting 
seepage force exceeds the downward-acting immersed particle weight, i.e. when 
the bed stresses between particles become zero. In the past, this destabilisation 
of the bed was attributed to the tidally induced groundwater outflow from a 
beach during ebb tide (Duncan 1964; Grant 1946, 1948; Turner and Nielsen 
1997).-However, recent results-presented-by Baird ef ai (1998)-have-shown that 
the hydraulic gradients under the sand surface wil l tend to be relatively small, 
generally of the order of the beach slope (1:100 to 1:10), these magnitudes being 
insufficient to induce bed fluidisation. Horn et al (1998) and Blewett et al. 
(1999) presented field measurements of large upward-acting hydraulic gradients 
induced by the action of the swash v^thin the top centimetres of the beach. Baird 
et al (1996, 1997) concluded that this fluidisation is only possible dur ing action 
of the swash over the saturated beach. During the uprush there wi l l be an 
increase in pore water pressures below the beach surface. Through the backwash, 
the beach sediment behaves like a confined aquifer, the beachface is saturated 
and flow of water into the beach is therefore, l imited. However, water pressures 
wil l propagate rapidly through the sediment. In consequence, during the water 
retreat there is a release of pressure on the beachface, which potentially 
produces large hydraulic gradients acting upwards immediately below the 
surface. These gradients were later described by Baldock et ai (2001) using data-
model comparisons wi th a I D diffusion model based on the Darcy's law and the 
continuity equation. 
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2.6. Summary 
This chapter presented a description of the physical processes related to the 
swash zone. This was done wi th the aim to introduce the state of the art on the 
knowledge of the processes acting i n this area; and to assess their importance in 
the overall behaviour of the nearshore li t toral. This helps to set the boundaries 
and limitations for the modelling approach presented later in this work. 
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Chapter 3. Mathematical modelling of swash zone 
hydrodynamics 
3.1. Introduction 
This chapter presents the description of the mathematical framework used i n 
this work. The foUowing sections wiD introduce the theories to study wave 
hydrodynamics wi th pairticular regard to the swash zone. 
Firstly, the traditional approach which uses the non-linear shallow water wave 
equations (NLSWE) is presented; then the Boussinesq wave theory is described. A 
latter section is-aimed to introduce a-brief justification-for-the-use-of-Boussinesq-
theory in preference to the NLSWE. In addition, i t should be noted that in recent 
years, due to the level of maturity that Boussinesq wave theory has reached, this 
technique is becoming more popular than the NLSWE to study the nearshore, an 
area where the NLSWE has long been a dominant player (Kirby 2003). With this 
in mind, emphasis wi l l be given to the Boussinesq equations. This wi l l include a 
discussion of the effects that different shoreline boundary conditions have on the 
computed velocity field in the cross-shore direction. In order to do this, we use 
experimental data from Mase (1995) and Petti et at, (1999). In addition, for two 
selected wave conditions (regular and bichromatic waves), the selection of 
different friction coefficients and its effects on computed wave hydrodynamics 
wi l l be presented. All discussions wi l l be carried out under the overall objective of 
this thesis which discusses the processes involved wi th sediment transport 
movement in the swash zone of coarse-gredned beaches. 
26 
CHAPTER 3. MATHEMATICAL MODELLUNG O F SWASH HYDRODYNAMICS 
3.2. Non-linear shallow water wave equations (NLSWE) 
This section introduces the traditional set of equations known as the non-linear 
shallow water wave equations (NLSWE). This is done in order to give the complete 
framework of the commonly employed mathematical descriptions when studying 
the water flows close to the shoreline. 
The NLSWE set of equations, modified to account for bottom frict ion effects is 
given by: 
where / is time, JC is the distance onshore f rom the seaward boundary, h is the 
total water depth, T] is the deviation f rom the still water depth, u is the depth 
averaged cross-shore velocity and / is a constant empirical fr ict ion coefficient. 
In this set, the momentum equation (3.2) is modified by an "ad hoc" term, which 
parameterises the shear stress by means of the drag law. Figure 3.1 presents the 
definition of the variables employed in these equations. 
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Figure 3.1 D e f i n i t i o n s k e t c h f o r wave var iables . 
The use of these equations for the study of swash hydrodynamics was first 
attempted by Hibberd and Peregrine (1979) and by Packwood (1980). In their 
work they solved the equations numerically in the time domain to predict the 
time-varying behaviour of bores across the surf and swash zones on a beach. In 
later works, Kobayashi et al. (1987) have employed them to study wave run-up 
and reflection from structures, later st i l l Kobayashi et al. (1989) modified the 
numerical algorithm to discuss wave transformation and swash oscillation in 
both steep and mild slopes. Recently, Dodd (1998) implemented a finite volume 
technique to solve the equations, and Hubbard and Dodd (2002) extended their 
applicability to 2D. Moreover, studies focusing on the prediction of wave 
overtopping by these equations have been carried out by Hu et al. (2000) and 
Shiach et al. (2004), also using a finite volume scheme for their numerical 
implementation. 
Further comparisons has been carried out v^dth field data by Kobayashi and 
Wurjanto (1992), Raubenheimer et al (1995) and Raubenheimer and Guza (1996) 
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who showed good agreement wi th measured run-up and swash oscillations on 
several natural beaches. 
The NLSWE is obtained from the Navier-Stokes equations by maJdng the 
assumption of hydrostatic pressure distr ibution or, equivalently, a un i form 
distribution of the velocity over the depth. In this way, the effect of the curvature 
of the streamlines on the pressure distr ibution is neglected. Since the phase 
velocity in the NLSWE is independent of the wave length, this theory cannot 
predict the differences in propagation speed of various wave components and wi l l 
therefore result in correct wave forms only when applied in shallow water. 
On the other hand, the Boussinesq equations can be thought of an extension of 
the NLSWE theory for somewhat shorter waves or equivalently somewhat larger 
water depths. In the Boussinesq equations extra terms are introduced in the 
equations as compared to the NLSWE which account for the curvature of the 
streamlines on the pressure distribution, which is now no longer assumed to be 
hydrostatic. This implies that the velocities are not uniformly distributed over 
depth as would be the case in the shallow water theory. Therefore, the 
Boussinesq equations vdll also be able to describe the non-uniform velocity field 
in larger water depths, providing a wider domain for their application. 
3.3. Boussinesq equations 
The background of the Boussinesq equations comes f rom the original work made 
by Boussinesq (1872) where the problem of wave propagation is restricted to that 
over a horizontal bottom. The vertical velocity was simply assumed to vary 
linearly f rom zero at the bottom to a maximum at the free surface, and the non-
hydrostatic pressure was a consequence of the local acceleration of this velocity. 
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What we now refer to as the "classical" set of equations were derived by Peregrine 
(1967) in two-horizontal dimensions for the case of an uneven bottom. Peregrine 
presented two sets of equations, one given in terms of the velocity at the st i l l 
water level, and one in terms of depth-averaged velocity. 
The set of Boussinesq equations derived by Peregrine are able to predict the 
nonlinear transformation in varying depth by integrating the momentum and 
conservation of mass equations over depth reducing the three-dimensional 
problem to a two-dimensional one. This assumption is achieved by a polynomial 
approximation of the vertical distribution of the flow field into the integral 
conservation laws. 
The most important parameters associated wi th this type of equations are: 
1. Nonlinearity, dictated by the ratio of the amplitude to depth. 
2. Dispersion, dictated by the ratio of depth to the wavelength. 
The most critical l imitation of this approach is the weak dispersion that directly 
changes the celerity of the waves and governs nearly all basic wave 
transformation processes including shociling, refraction and reflection. 
Alternative equations have been presented wi th the aim of improving the 
dispersion characteristics. Critical steps towards this direction have been made 
by Madsen et al. (1991), who established a procedure for optimising the 
equations performance through the rearrangement of dispersive terms, and 
Nwogu (1993), who introduced a free parameter by choosing the velocity variable 
at an arbitrary z location given by z^=-0.531/? (See Figure 3.1). Both 
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procedures have been extensively employed in the development of subsequent 
theory. 
The equations presented here correspond to that of Liu (1994) and Wei et al. 
(1995), who, following the procedure of Nwogu (1993), independently found the 
same result, and obtained the equations on the basis of the classical expansion 
of the horizontal velocity profile. In these equations, knovm as the highly non-
linear Boussinesq equationSy al l non-linear terms to order O(M^) are included. 
As mentioned previously, the Boussinesq equations are beginning to be a populsir 
option to study the flows in the nearshore zone. The inclusion of frequency 
dispersion, added to the ability to capture wave asymmetry in deeper water than 
the NLSWE equation makes them a suitable option for study of the swash zone. 
The dimensional form of the highly non-linear Boussinesq equations was 
presented by Lynett et al. (2002), as follows 
f + V.[(/, + , ) u J 
AO 
7A + / ,^ ) - i zMS7(V-uJ+ V[V.( / ,uJ] = 0 
(3.3) 
and, 
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di 
1 f 
+ u„-Vu„+gV;7 + ^ -z^V V dt 
+ [v.(/,uJMv(/«uJ]-V 77 V . 
+ 2_V 
dt ) 
+ k V z J v [ V . ( / , u J ] 
+ V [ u „ • V(V. (hu,))]+ z„(u„ . Vz„ )V(V. u J + ^ V[u„ • V(V. u„ )] 
+ v | ^ [ ( V . u J - u „ . V ( V . u j ] = 0 
(3.4) 
where T] is the free surface elevation, /» is the local water depth, and u„ = {u„,v^) 
is the reference horizontal velocity at the elevation given by . 
3.3.1. Dissipative mechanisms: friction and breaking 
To consider the application of equations (3.3) and (3.4) in a description of wave 
transformation in the nearshore area, i t is necessary to include the effects of 
processes such as wave breaking and bottom fr ict ion, which are present in the 
surf and swash zones of natural beaches. Both mechanisms are considered wi th 
the addition of "ad hoc" terms in the momentum equation, the new form of the 
momentum equation is therefore 
dt 
2 - + ... + R , , + R t , = 0 (3.5) 
where the continuation marks represent all the other terms in (3.4), R,^  denotes 
bottom friction effects and R^^ accounts for wave breaking. 
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The inclusion of the bottom friction is made by means of a drag law; therefore the 
term R^ ^ in equation (3.5) is defined as 
where is the horizontal velocity at the seailoor and / is the bottom frict ion 
coefficient. 
Various techniques have been derived to simulate the effects of wave breaking 
vrith the Boussinesq equations. However, all of them have~shovm similar-
accuracy in their results, and they can be thought of as an additional (R^r) term 
to modify the momentum equation. Amongst them we f ind the so-called roller 
formulation proposed by Schaffer et al. (1993) that has been validated, by severad 
researchers, i.e. Madsen et al. (1997) and Ozanne et al. (2000) vrith results of 
good accuracy. 
The technique employed in this work was first derived by Zelt (1991). He used an 
eddy viscosity approach in a 1-D model, where a defined formulat ion for the eddy 
viscosity is established, based solely on agreement wi th experimental data as 
V, = BSlHri, ( 3.7) 
where 5^ is a mixing length coefficient, and the coefficient B is used to ensure 
smooth transitions between breaking and non-brccddng states depending on a 
criterion based on the velocity of the surface defined by T], . 
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Further enhancements to the original formulation were proposed by Kennedy et 
al. (2000), modifying the criterion for the coefficient B and extending its 
application to 2-D problems. The proposed breaking wave force term R^^  is 
written as 
= ( ^ { K [ ( ' ' + '7>'aLl+^K[('' + '7Kl + n[(/' + '7)u„Li} ( 3.8) 
= (^{(^*K''+''>'''U,+^KK^+'?KL+''*[(/'+'7>iJ,t} (3.9) 
As in this thesis focus is only given to the 1-D problem, equation (3.8) is reduced 
to the first term and equation (3.9) is no longer necessary. 
In order to turn on and off the breaking term, a criterion based on time 
derivatives was proposed by Kennedy et al. (2000) as follows 
B = 
1, drj/dt > It]] 
^ - 1 , ri:<dnldt<2ri: (3.10) 
0, dr]ldt<7]] 
where r], determines the onset and cessation of breeiking. In order to allow the 
slope of the breaking wave crest to relax after the onset of the breaking, Kennedy 
et al (2000) also proposed the following relationship for T]] 
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y ^ + T ^ l ^ * - / / * ' * ) o < / - / o < r 
(3.11) 
where 7]^^"^ is the critical velocity for the surface to initiate a breaking event, 77*'* 
is the min imum surface velocity required for a breaking event to continue, / is 
the local time, /Q is the time breaking started, and T' is the elapsed time since 
the onset of the local breaking event. 
The default parameters {5^ yl]^\7l\'\T'} included in this formulat ion are defined 
on the basis of a trial and error minimization, simply to ensure good accuracy 
with experimental measurements. The values used-in- this work^are the ones 
presented by Kennedy et al (2000) wi th the modification employed by Lynett et al 
(2002) to consider their evaluation above the sti l l water line (SWL) (simply 
uti l ising the long wave speed), they are given by 5^=\.2, 7/'* = 0.65ylg{h-\-7]), 
77*''* = 0A5^g{h + 7j) and T' = 5^{h + 7j)/g . 
3.4. Brief comparison between Boussinesq vs NLSWE 
This chapter aims to introduce the mathematical framework to predict wave-
induced velocities in the swash zone. So far, both the NLSWE and the highly 
non-linear Boussinesq equations were presented. 
If we want to describe the wave propagation from deep water to the shore, 
considering both the surf and the swash zones, then i t is necessary to consider 
that the wave profile changes. As the wave travels into shallower water, their 
crests become more peaked and the troughs become flatter. In addition, the 
waves develop a shoreward t i l t un t i l they fmally break. The velocities under 
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waves also exhibit asymmetries wi th higher onshore velocities and a wave shape 
that is pitching forward exhibiting a pronounced sawtooth form when i n shallow 
water. These two shaDow water efi'ects influence the asymmetry between ofi^shore 
and onshore velocities, which is important for the wave-related sediment 
transport. 
The first effect, the increasing asymmetry between backward and forward motion, 
is the result of the generation of shorter wave components owing to non-linear 
shallow water effects; the shorter wave components that are generated the more 
asymmetric the wave becomes. To describe the second phenomenon, the forward 
t i t l ing of the waves, it is important that the speed at which the difl'erent wave 
components travel is described well (frequency dispersion). 
Although the NLSWE wil l predict correct wave forms when applied in shallow 
water, Boussinesq equations can be thought of as an extension of the NLSWE 
theory for somewhat shorter waves or equivalently larger water depths. The extra 
terms included in the Boussinesq wave theory account for the curvature of the 
streamlines on the pressure distr ibution. This implies that velocities are not 
uniformly distributed over depth as would be in the case of NLSWE theory. 
Therefore, the use of Boussinesq equations provides a wider domain of study, 
these being able to describe the non-uniform velocity field in larger water depths, 
reproducing the wave propagation f rom deeper water depths to the shore. Since 
early investigations, Boussinesq theory was viewed as a suitable option for the 
description of these asymmetries (Bosboom et al 1997). This was recently 
confirmed by Ozanne et al (2000), who used a weakly non-linear version of the 
equations, to capture the velocity asymmetry as measured i n the surf zone. 
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Moreover, some researchers have pointed out that the maturi ty that Boussinesq 
wave theory has reached, makes them a suitable option to study nearshore flows 
(Kirby 2003). With this i n mind, in the followring sections emphasis wi l l be given 
to the Boussinesq wave theory. 
In addition to the above reasons, this section presents a brief comparison of both 
approximations in light of the results obtained when comparing the Boussinesq 
equations against experimental data (SASME project) (Petti et al 1999). The 
selected wave condition is the regular wave case defined by T = 2.5 s ; H = 3.4cm. 
Figure 3.2, presents the velocity envelopes for this wave condition computed with 
NLSWE and wi th the highly non-linear Boussinesq equations. I n both equations, 
the shoreline boundary is treated in a similar manner, by means of the moving 
shoreline algorithm. This figure shows a clear difference of the wave-induced 
velocity in the offshore direction (negative values), f rom the start of the graph (at 
toe of the slope). Conversely, the estimation of the maximum velocity is very 
similar up to the breaking point. Here i t is possible to identify a little deviation; 
this is believed to be a consequence of the differences in the employed procedure 
to account for wave breaddng i n both approximations. 
On the other hand, the averaged wave-induced velocity is presented in Figure 3.3. 
In this graph, despite the trend being more or less similar i n both lines i t can be 
seen that they start to deviate f rom each other in the neighbourhood of the SWL. 
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Figure 3.2 C o m p a r i s o n o f cross-shore veloci ty envelopes. Bouss inesq e q u a t i o n s ( line) ; N L S W E 
(-.-.-. l ine). Regular wave T = 2.5 s ; H = 3.4 c m . 
0.05 
-0.15 h 
Figure 3.3 C o m p a r i s o n o f cross-shore shore mean veloci ty . Bouss ine sq equa t ions ( l ine) 
N L S W E (-.- .- . l ine) . Regular wave T = 2.5 s ; H = 3.4 c m . 
The results presented in this brief comparison show a clear difference of the 
estimated wave velocities wi th both approximations. In this work, the selection of 
the Boussinesq equation is made under their ability to describe a wider domeiin 
for the wave propagation, f rom deep waters to the shoreline. Thus, in the next 
sections the discussions wil l be drafted in relation to the predictions made f rom 
the Boussinesq equations. 
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Indeed, i t wil l be shown that for the selected wave condition to carry out this 
compcirison, the Boussinesq theory does a very good job when comparing the 
predicted values against the experimental data. Therefore, the comparisons here 
presented are made taking the Boussinesq prediction as a reference of reality. 
3.5. Swash boundary 
Swash motion due to waves incident on a beach influences the hydrodynamics 
and sediment transport in a significant way. In order to model this motion 
accurately, i t is important to evaluate the shoreline boundaries that are avadlable 
for the Boussinesq equations i n terms of the velocity prediction. For this reason, 
this section presents an introduction to the two existing shoreline boundaries 
that cdlow these equations to resolve the swash motion directly (Kermedy et al. 
2000; Lynett et al. 2002), Furthermore, to determine which boundary gives a 
better representation of the velocity in the cross-shore direction, the comparison 
of both boundaries is related to experimental data. The two numerical models 
that are used for this purpose are the open source models: the FUNWAVE (Kirby 
et al 1998) that follows directly the description by Kennedy et al (2000) for its 
I D version using the slot procedure and the COULWAVE (Lynett and Liu 2002) 
that follows the description by Lynett et al (2002) using the moving shoreline 
method. The wave-breaking formulation used in both the models is the same. It 
is ensured that (a) the same values are used for the parameters in the wave-
breaking formulation in both the models and (b) the differences in the numerical 
results f rom the two models are not a result of different numerical discretisation. 
See also Otta and Pedrozo-Acuna (2004). 
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3.5.1. Moving shoreline with the slot method 
The technique known as the "slot" method, was first implemented in the weakly 
non-linear Boussinesq equations by Madsen et al. (1997), they employed i t to 
simulate swash oscillations. A few years later, Kennedy et al (2000) modified this 
technique to improve mass conservation and applied it to the highly non-linear 
equations. In this formulation, the elevation of the solid seabed is chosen 
specifying that once the water level is above the top of the slot there wi l l be no 
f lu id loss at that location. The width of the beach is redefined i n terms of the slot 
elevation, as 
' ' " = L < , - . y . . - - « , - - - - - - - - -(3.1-2,-
where S is the specified slot width parameter fraction relative to a uni t width of 
the beach, ?^  is the shape parameter that controls the smooth transition of 
cross-sectional area f rom un i t beach wddth to a narrow slot, is a reference 
water depth where the slot begins and z' is the elevation of the solid seabed, and 
7] is the free surface elevation relative to the still water line (SWL). 
( 3 13) 
The values given in equations (3.12) and (3.13) modify the continuity equation (3), 
to take the form 
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dt [ [ V2 6 J 
(3.14) 
= 0 
Following the modification of the slot proposed by Kennedy ef al. (2000) the 
definition of 2* is done in order to avoid loss of mass during the swash event 
(uprush and backwash). This is, for S « 1 and A » 1, 
1 ^ 4 1 '^ -^ ^^  
The definition of the parameters A and d determines the width of the slots and 
therefore the behaviour of the shoreline boundary. 
Experience wi th this boundary condition has shown two main difficulties. Firstly, 
slots which are too wide relative to the grid spacing admit too m u c h fluid before 
fi l l ing during uprush, causing a reduction i n amplitude and a phase lag in 
simulated shoreline movement. Conversely, slots which are too narrow tend to 
induce a great deal of numerical noise, leading to the need for fairly frequent 
filtering in the swash zone solutions (Karunarathna et al. in press). 
3.5.2. Extrapolation moving boundary condition 
The work presented by Lynett et al (2002) represents the f i rs t effort which 
employs a moving shoreline boundary in a finite difference scheme for the 
Boussinesq equations. Their results have shown good agreement i n run-up 
comparisons for breaking and non breaking waves. The moving boundary 
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scheme employs a linear extrapolation of free surface displacement and velocity 
from the f lu id domain where the equations are solved, through the wet-dry 
interface into the dry region. This allows the real boundary location (shoreline) to 
exist in-between grid points. The scheme solves the swash motion by tracking the 
wet-dry boundary defined by a threshold value. Following the suggestion by 
Lynett et al. (2002) , the threshold S is set by <^  = ^ / ^ Q , where is the incident 
wave amplitude. So the criteria for defining the wet and dry regions is dependant 
on the total water depth, H = h + rj, as follows: if H > S the model equations wil l 
be applied at a grid point, otherwise the physical variables at a point are 
extrapolated, f rom those at previous points in the wet region, as shown in Figure 
3.4 , where the dots represent grid points where physical values are extrapolated 
in order to compute the high-order derivatives of the last wet points. 
001 . 
-0 1 -OM -OM -0 04 -0 02 0 0 02 0 04 
Figure 3 . 4 Example of wet and dry regions. Dots represent grid points out of the wet region. 
3.5.3. Comparison of shoreline boundaries in terms of 
velocity 
As mentioned above, this work is focused on an investigation of hydrodynamics 
in the swash zone by means of the Boussinesq equations, it is necessary to 
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determine which shoreline boundary is more appropriate to use: the slot method 
or the natural moving shoreline. Therefore, this section presents an evaluation of 
their performance, assessing the quality of wave-induced velocities and surface 
elevation in relation to non-breaking waves (Carrier and Greenspan 1958) and 
experimental data for regular and bichromatic waves. The regular wave data was 
a result f rom the European project Surf and Swash Zone Mechanics (SASME) 
(Petti et al 1999), whereas the data for the bichromatic case comes f rom 
experimental work carried by Mase (1995). 
Non-breaking waves 
The case of non-breaking waves has been used as a standard test fo r a shoreline-
boundary on a sloping bottom. Moreover, both boundaries tested in this section 
have been successfully compared against the analytical solution of Carrier and 
Greenspan (1958) (Kennedy et al 2000; Lynett et al, 2002). The long wave 
solution considered here has a wave height of 0.006 m wi th a period of 10 s in a 
wave channel containing a bottom slope of 1:25. The water depth at the toe of the 
slope is 0.5 m. Figure 3.5 shows the comparisons for surface elevation and 
velocities estimated v^th the natural moving shoreline and the analytical solution. 
The result shows good agreement for both quantities when using the naturad 
moving shoreline. 
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Figure 3 . 5 Boussinesq with moving shoreline ( line) versus Analytical solution (... line). Top panel 
- surface elevations. Bottom panel - velocities. 
As the natural moving shoreline reproduced the analytical solution wi th very 
good agreement, the computations obtained from the slot boundary wi l l be 
compared wi th those estimated wi th the natural moving shoreline (See Figure 
3.6) . 
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Figure 3 . 6 Boussinesq with moving shoreline (—) torsos Slot technique with 6 = 0 . 0 0 2 and >.=80 ( — ) . 
Top panel - surface elevations. Bottom panel - velocities. 
The agreement is found to be good. However, when the comparison is carried out 
in the velocity field (bottom panel), there are differences near to the shoreline. 
These differences could notably affect the sediment transport calculations in the 
swash zone. Moreover, to further explore the sensitivity of this technique to the 
definition of the slot parameters, Figure 3.7 presents the same computations now 
considering 6=0.01 and X,=80. 
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Figure 3.7 Boussinesq with moving shoreline (—) versus Slot technique with 6=0.01 and /i=80 (—). 
Top panel - surface elevations. Bottom panel - velocities. 
Again, the top panel shows the results for the water surface elevation. In this 
case, the nodal point given by the red dash-dotted line has been shifted 
backwards, this means that reflection f rom the slot w i th a thicker 5 at the 
shoreline is having an effect on the calculated surface profile. For the case of 
velocities in bottom panel, these differences appear to be more significant. These 
results have large implications when considering the evaluation of sediment 
transport with calculated velocities from these equations. It is clear that f rom the 
swash zone sediment transport point of view, the use of the slot method as a 
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shoreline boundary is not appropriated, as it has several effects on the calculated 
values. 
Regular breaking waves 
This section introduces comparisons employing a regular wave case. The selected 
wave condition corresponds to a regular wave incident on a slope of 1:10 with 
r = 2.5 s and H = 3.4 cm. Figure 3.8 presents the experimental setup, as 
employed in the SASME experiments from Petti et al (1999), showing the wave 
gauges from the toe of the slope to the swash zone. 
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Figure 3.8 Experimental setup, SASME project, (o) Wave gauge locations. 
Comparisons of surface elevations and velocities with both boundaries are now 
presented. Only the wave gauges at 3, 4, 5, 7, 8 and 9 wi l l be employed. Figure 
3.9 shows the comparisons estimated wi th both boundary conditions for both 
surface elevation and velocity at the location of wave gauges 3, 4 and 5. In the 
top and medium panel it is possible to observe good agreement between the 
calculated values with the two procedures. However, for the case of wave gauge 
5 (bottom panel) the differences appear more evident, confirming that the slot 
technique can induce deviations on the computed quantities with these 
equations. 
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Figure 3.9 Comparisons of surface elevations (left) and velocities (right) against Boussinesq 
equations with different boundaries at wave gauges 3, 4 and 5. ( line) Sasme data; (—) 
Simulated vAth moving shoreline; (---) Simulated with slot technique. 
Figure 3.10 illustrate results in the neighbourhood of the still water line, 
introducing comparisons of surface elevation and velocity estimated wi th both 
boundary conditions at the wave gauges 7, 8 and 9. Although some oscillations 
are evident in Figure 3.9 and Figure 3.10, which might be due to frequency 
dispersion, the agreement between the extrapolation moving shoreline and 
measured data is superior overall. 
This demonstrates that deviations induced wi th the slot technique app>ear more 
evident close to the shoreline. To confirm the accuracy of these approaches. 
Figure 3.10 right hand side presents the intra-wave variation of the computed 
velocities from the moving shoreline method at three locations {h/hQ =-0.05 top 
panel); hlh^^O.O (medium panel) and h/hQ=0.05 (bottom panel) in the 
neighbourhood of the SWL. This comparison indicates that the moving shoreline 
method produces the observed velocity rather well in this case. 
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Figure 3.11 presents run-up comparisons for both boundary conditions against 
the experimental data. This is done in order to validate the shoreline motions for 
breaking waves. Good agreement is found for both boundaries. 
WG7 ru-OOZm 
WGB rt-OQm 
-0 5 
WG9 tuOOZm 
T K T » ( » ) T i f m ( » ) 
Figure 3.10 Comparisons of surface (left) and velocities (right) against Boussinesq equations with 
different boundaries at wave gauges 7, 8 and 9. ( and symbols , . t>) Measured data; (—) 
Simulated with moving shoreline; (—) Simulated with slot technique. 
0 06 
0 04 
T i m e ( s ) 
Figure 3.11 Run-up comparison of slot boundary against Boussinesq equations with different 
boundaries. ( line) Measured data; (—) Simulated with moving shoreline; (—) Simulated with slot 
technique. 
To evaluate the behaviour of global quantities, Figure 3.12 shows the cross-shore 
velocity envelopes (maximum and min imum values) computed f rom these two 
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approaches. It is evident that they deviate f rom each other, particularly i n the 
neighbourhood of the SWL (AZ/io = 0). 
Moreover, Figure 3,13 shows that those deviations are st i l l present for the mean 
current in the cross-shore direction. These differences are critical because the 
features of onshore and offshore sediment transport gradient wi l l differ f rom one 
method to the other. 
Figure 3.12 Cross-shore velocity envelopes. ( line) moving shoreline; (-.-.-.) slot method. Regular 
wave T = 2.5 s ; H = 3.4cm. 
Figure 3.13 Cross-shore mean currents. ( line) moving shoreline; (-.-.-.) slot method. Regular 
wave T = 2.5 s ; / / = 3.4cm. 
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To confirm the results presented above, Figure 3.14 shows the velocity envelopes 
for a different wave condition f rom the SASME experiments (same beach slope 
1:10). In this case the regular waves have a wave period of r = 2.0s and a wave 
height of H = 3.5 cm. Again it is clear that they deviate f rom each other. From the 
examination of the slot boundary result (dash-dot line), i t is possible to identify a 
bump on the lower envelope, close to h/HQ = -0.1. 
This is attributed to the noise that is being generated at the location where the 
slot starts; this effect is also visible i n the upper envelope. These deviations also 
appear when the averaged quantities are plotted; Figure 3.15 shows the mean 
current obtained for this case. 
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Figure 3.14 Cross-shore velocity envelopes. ( line) moving shoreline; (-.-.-.) slot method. Regular 
wave r = 2.0s; H = 3.5 cm. 
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0.5 
Figure 3.15 Cross-shore mean current. ( line) moving shoreline; (-.-.-.) slot method. Regular 
wave r = 2.0s; / / = 3.5cm. 
Bichromatic waves 
To complete the comparison of both boundary conditions, this section presents 
the results obtained for a bichromatic wave case. The selected wave condition is 
chosen from the experimental investigation carried out by Mase (1995). This 
corresponds to a bichromatic wave incident on a slope of 1:20 wi th 
/ / , = / / ^ = 0.024 m and frequencies of 1.1805175 Hz, and / , = 1.3047825 Hz. 
Figure 3.16 presents the experimental setup, showing the wave gauges from the 
toe of the slope to the swash zone. 
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Figure 3.16 Experimental setup, Mase (1995). (o) Wave gauge locations. 
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Figure 3.17 presents the comparisons estimated with both boundary conditions 
for both surface elevation and velocity at the location of wave gauges 1, 2 and 3. 
In the top and medium panel is possible to observe good agreement between the 
calculated values with the two procedures. However, when the slot technique is 
used in the equations, it is possible to identify little deviations for both quantities. 
As it was observed in previous wave conditions, comparisons close to the 
shoreline in the bichromatic wave case also show clear deviations of computed 
results induced by the slot technique. 
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Figure 3.17 Comparisons of surface elevations (left) and velocities (right) against Boussinesq 
equations with different boundaries at wave gauges 1, 2 and 3. ( line) Measured data; (—- line) 
Simulated with moving shoreline; (--- line) Simulated with slot technique. 
Figure 3.18 shows the comparisons for the wave gauges 10, 11 and 12. The 
induced deviations appear more evident for the wave gauges close to the 
shoreline, which are shown in the medium and bottom panels. For the last gauge 
the disagreement is a maximum in both quantities. The use of the slot technique 
produces a large disagreement in simulated surface elevation and velocity; this is 
a result of the wave reflection from the slot. In the bottom panel it is possible to 
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observe the interaction of the reflected wave with the incident wave group, in the 
form of a long wave perturbation. 
WG I0r».0 075ni WG 10r»-0 075m 
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Figure 3.18 Comparisons of surface elevations (left) and velocities (right) against Boussinesq 
equations with different boundaries at wave gauges 10. 11 and 12. ( line) Measured data; (-
line) Simulated with moving shoreline; (— line) Simulated with slot technique. 
These modifications to the velocity field can clearly affect the predicted global 
characteristics and sediment transport in the neighbourhood of the shoreline. 
Figure 3.19 presents the velocity envelopes for the bichromatic wave condition as 
simulated with both boundary conditions. Again a substantial difference in the 
prediction made with the slot technique can be seen. 
Figure 3.20 shows the impact of these differences on the computed velocity 
skewness. This parameter has been recognised as an important value for 
sediment transport predictions. Therefore, this figure gives us a clear perspective 
of the importance of the choice of an appropriate boundary condition to simulate 
the swash area. Figure 3.21 presents comparisons of measured run-up against 
the moving shoreline boundary. The good agreement shown validates the 
procedure to shoreline motions for breaking waves. The slot result is not 
included as this did not yield good agreement. 
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Figure 3.19 Cross-shore velocity envelopes. (— line) moving shoreline; (-.-.-. line) slot technique. 
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Figure 3.20 Cross-shore shore velocity skewness. (— line) moving shoreline; (-.-.-. line) slot 
technique. Bichromatic wave. 
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Figure 3.21 Comparisons of Run-up against Boussinesq equations with moving shoreline. ( line) 
Measured data; (— line) Simulated with moving shoreline. 
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Summary of comparison of shoreline boundaries 
This section has made clear t±iat when evaluating the velocity field in the swash 
zone with the highly non-linear Boussinesq equations, it is necessary to carefully 
evaluate the behaviour of the equations with the shoreline boundary condition 
employed. This section presented the investigation of the performance of two 
types of swash boundary conditions using numerical models based on the 
higher-order Boussinesq-type equations of Wei et al. (1995). Previous work 
investigating the performance of such models has been mostly focussed on run-
up limit and surface elevation. In the present work, the analysis is extended to 
the velocity variation along the slope including- the swash-region. -The. moving, 
shoreline method is a close numerical approximation to the natural process of 
the swash. Numerical schemes to realise this approximation can be formulated 
to different degrees of sophistication. The procedure used in the COULWAVE 
(Lynett et ai, 2002) does provide a good agreement with the analytical solution of 
non-breaking waves cind experimental measurement of breaking waves in the 
swash zone. Equally importantly, it is found to be numerically stable in all cases 
tried. Velocity computed by using the slot method shows noticeable deviation 
from the analytical solution and the measurements. Such deviations are found to 
exist even when the computed elevation is in good agreement with the data. 
Since such models are being increasingly applied to study morphodynamic 
evolution of beach profiles, it is important to get the relevant measure of the 
velocity (e.g. velocity skewness) to sufficient accuracy. We have found that the 
predicted skewness from the slot method can in some cases be completely 
opposite of that from the moving shoreline method. It seems necessary to use 
more frequent filtering with the slot method to achieve stable solution. For all the 
comparisons shown here, although limited, the moving shoreline procedure has 
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been found to give a better representation of the data. Accuracy of this method 
can perhaps be improved by replacing the linear extrapolation at the shoreline by 
an equation of motion to track the shoreline position. Because of the difficulty 
associated with the measurement in the swash zone, not much experimental 
data are available on the variation of velocity in this zone. This seems to be a 
major limitation in establishing further reliability of the computed values in the 
swash zone. 
3.6. Friction eflects on hydrodynamics 
In the previous chapter, a discussion on the physical mechanisms which affect 
sediment transport was introduced. Amongst those processes'bottom friction was 
identified as one of the key aspects to understand when working with flows in the 
swash zone. With this in mind, this section introduces a discussion of friction 
effects on the computed hydrodynamics from the Boussinesq equations; this is 
done to assess the sensitivity of mathematical framework to this process. 
As shown in previous sections, the quadratic drag law has been used in cross-
shore hydrodynamic models (such as those presented in this chapter), to relate 
the bottom stress to the square of the free stream velocity using an empirical 
friction factor ( / ) . This relationship has been recently validated for use in the 
surf (Cox et al 1996) and swash zones (Cox et al 2000). In both studies, they 
found good agreement when comparing predicted values from this relationship 
against measured shear stress. Moreover, the defmition of the empirical friction 
coefficient is still an active topic of research (Raubenheimer et al. 2004), with no 
universal agreement from these works. There are studies which suggest that this 
friction factor may not be constant throughout the swash cycle and different 
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values may be needed for the uprush and the backwash phases (Conley and 
Griffin 2004; Cox et al. 2000). 
The discussion of bottom friction effects on computed hydrodynamics is carried 
out by changing the friction coefficients in the drag law. The objective of this 
section is to observe the differences on the computed sea surface and velocity 
field when changing this parameter. The wave conditions employed are selected 
from two cases from the SASME experiment, which comprise a regular [T = 2.5s, 
/ / = 3.4cm) and a bichromatic wave case (T, = I.9s 86 = 2.1 s, H = 3,5 cm). 
The selected friction coefficients are on the basis of field and laboratory studies, 
which determined values for friction coefficients in the interval 0.0l< / <0.05 
given for impermeable, rough, non-erodible and sand beds (Archetti and 
Brocchini 2002; Cox et al. 2000; Petti and Longo 2001; Raubenheimer et al. 
2004). For each wave condition, three numerical runs will be considered, testing 
different friction coefficients, under the basis of field and laboratory studies. The 
runs are listed in Table 3.1. 
Table 3.1 Selected numerical experiments for friction 
Friction level Friction coefficient Characteristics 
Low f = 0.005 usual value for impermeable smooth slopes 
Medium / = 0.01 lower limit of experimental values reported 
High / = 0.05 limit of experimental values reported 
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Regular waves (T = 2.5 s ; H = 3.4 cm) 
Previously in this chapter, this wave condition was used when the comparison of 
shoreline boundaries was introduced. In those results, the value for the friction 
coefTicient was set to / = 0.005 , in accordance with the friction value of an 
impermeable smooth slope which was used during the SASME experiments. 
Figure 3.10 showed that this firiction value did a good job when comparing the 
wave velocities against measured data. Results obtained are compared against 
those obtained for low friction levels, which were in good agreement with 
measured data. 
Figure 3.22, shows the computed velocity envelopes with the low friction run 
/ = 0.005 (dashed red line) and medium friction run / = 0.01 (solid blue line). 
From the comparison of both lines, it can be concluded that when the friction 
coefTicient is small, there are minimal differences on the computed velocity 
envelopes by these equations. 
Figure 3.22 Comparisons of cross-shore velocity envelopes. {— line) Run F l , ( line) Run F2, 
Regular wave 7 = 2.5 s ; H = 3.4cm. 
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This is further confirmed in the region close to SWL, as can be seen in Figure 
3.23. Here, the computed wave velocity appears to be identical for both runs (low 
86 medium friction). This result shows that for impermeable smooth slopes, where 
bottom friction is not high, this process plays a secondary role. Computed wave-
induced currents show the ssime behaviour regardless of the value of the friction 
coefficient (low friction run- / = 0.005 (dashed red line); Medium friction run-
/ = 0.01 blue solid Une). 
Time (s) 
Figure 3.23 Computed and measured {^h/h^ = -0,05, o h / = 0 . 0 , >h/HQ = 0.05) values of 
velocity at three locations. (... line) Low friction run / = 0.005 , ( line) Medium friction run 
/ = 0.01. 
Conversely, when the friction coefficient is increased to / = 0.05, there are clear 
differences in the computed velocity envelopes between cases. Figure 3.24 
presents these quantities for both low friction run- / = 0.005 (dashed) and high 
friction run- / = 0.05 (solid line). Here, more energy is being dissipated by the 
larger bottom friction (solid line). This is illustrated in the reduction of the overall 
magnitude for the calculated velocity envelopes. 
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Figure 3.24 Comparison of cross-shore velocity envelopes. (— line) low friction run f = 0.005 , 
( line) high friction run / = 0.05 , Regular wave T - 2.5 s ; / / = 3.4cm. 
Figure 3.25 shows the calculated intra-wave velocity for both cases in relation to 
the experimental data, at three locations close to SWL. For the first two cases, 
hl\ =-0.05 and / IZ/JQ =0.0, the differences between cases are less than 10% in 
amplitude. However, for the location above the SWL, hlh^ =0.05, the differences 
are considerably more evident, not only in amplitude but also in phase. This 
illustrates that in shallower areas, such as the swash zone, bottom friction must 
be carefully considered. This is especially so if the beach cannot be thought of as 
an impermeable smooth surface, i.e. coarse-grained and mixed beaches. 
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Figure 3.25 Computed and measured (<, O, >) values of velocity at three locations. (— line) high 
friction run / = 0.05 , ( line) Medium friction run / = 0.005 . 
Another result less relevant to sediment transport but still useful to compare, is 
the water surface elevation calculated from Boussinesq equations. Figure 3.26 
presents the wave propagation along the flume comparing the calculated sea 
surface against 9 wave gauges, for the low friction and the high friction cases. 
Results from low friction are in left column, whereas results from run with high 
friction are in the right column. The wave propagation is shown from the top to 
the bottom panels, the top panel being the first gauge in the offshore region and 
the bottom panel in the swash zone at the location above the SWL { h / = 0.05). 
From the study of this image, it is clear that bottom friction starts to have an 
impact on the surface elevations close to the shoreline. As expected, the wave 
gauges in the offshore locations do not show major differences between runs. 
However, in those positions which are located over the sloping bottom (gauges 5 
to 9) is clear that for the high friction run (right panels) the energy dissipation is 
more significant than during the low friction run (left panels). Indeed, at the last 
two gauges (8 and 9), it is possible to observe a difference in the wave phase, 
which logically shows that the shoreline is moving slower in the case with higher 
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friction. These results confirm that from the incorporation of the drag law in the 
Boussinesq equations, it is possible to demonstrate the impact of having different 
friction coefficients on the computed hydrodjaiamics. Clear differences are shown 
near the shoreline. 
Figure 3.26 Comparison of computed (_ line) and measured (— line) sea surface elevations at wave 
gauges l(top) to 9 (bottom) from SASME experiments. Left panel results for low friction run 
/ = 0.005 ; right panel results for high friction run / = 0.05 ; Regular wave T = 2.5 s ; 
/ / = 3.4 cm. 
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Bichromatic wave (T^ =1.9 s ; = 2.\s and H = 3.5 cm) 
To complement the discussion made in the eairlier section, here a bichromatic 
wave case from the SASME experiment is employed. Comparisons against 
measured sea surface elevations are presented. However, there is no measured 
data for wave-induced currents. All discussions related to velocities will be 
carried out by comparing the numerical results only. The difference in cases is 
the use of different friction coefficients defmed in Table 3.1 with low friction, 
medium friction and high friction given by / = 0.005 , / = 0.01 and / = 0.05. 
Figure 3.27 illustrates the calculated velocity envelopes along the slope for-these 
runs. In the cases with less friction (solid and dotted lines), results show that the 
velocity field has the same behaviour until the SWL, where the lines show visible 
deviations. This highlights the importance of friction effects in the prediction of 
swash zone velocities. Furthermore, the high friction run (dash-dash line), 
illustrates that large friction considerably reduces the velocity magnitude, 
damping the peak above the SWL. 
Figure 3.27 Comparison of cross-shore velocity envelopes. (... Une) low friction run / = 0.005 , 
line) medium friction run / = 0.01 , (— line) high friction run / = 0.05 . Bichromatic wave 
Ti =1.9s; 2^ =2.1 s a n d H = 3.5 cm. 
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Figure 3.28 Comparison of cross-shore velocity envelopes. (... line) low friction run / = 0.005 , 
( line) medium friction run / = 0.01 ,(—line) high friction run / = 0.05 . Bichromatic wave 
r, = 1.9 s : = 2.1 s and H = 3.5 cm. 
Figure 3.28 illustrates the averaged wave-induced velocity for all three cases; in 
comparison to Figure 3.27, this result confirms the result obtained above 
showing small differences between runs with low and medium friction 
coefficients. However, for the high friction case (dash-dash line) the differences 
are significant when approaching the swash zone. This indicates that through 
the use of the drag law, it is possible to identify the importance of this process in 
this area of the nearshore zone. 
Figure 3.29 presents the comparison of computed sea surface evolution against 
experimental data. In the top three panels, the first 3 wave gauges cu*e shown 
whereas in the bottom three panels aire shown those gauges close to the 
neighbourhood of the SWL (7, 8 and 9). Therefore, in this figure the wave is 
travelling from top to bottom panels, the top panel being the comparison for the 
most offshore gauge. The left column show results obtained with the low friction 
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( / = 0.005), whereas the right column shows the comparison when the friction is 
given by the medium friction case ( / = 0.01). 
Again, as for the regular wave case, the computed surface elevations from both 
runs with low and medium friction compare in a very similar way to the 
measured data. This confirms that for very smooth surfaces the impact of 
friction is further reduced. 
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Figure 3.29 Comparison of computed ( line) and measured (.-.-.- line) sea surface elevations at 
wave gauges 1, 2, 3, 7, 8 and 9 from top to bottom panels. SASME experiments. Left panel results 
for low friction run; right panel results for medium friction; Bichromatic wave = 1.9 s ; 
r, =2.1 sand / / = 3.5cm. 
Figure 3.30 shows the corresponding wave-induced velocity computations at the 
same locations as above. In this case, the comparison is made in the light of 
numerical results only. Thus this figure shows the evaluated velocities for both 
cases with low (solid line) and medium friction (dashed line). These results are 
shown for completeness only, as for this wave condition there is no experimental 
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data available to compare. Nevertheless, this figure is still useful to demonstrate 
that computed wave velocities from the equations are quite similar for both runs, 
as shown previously. 
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Figure 3 . 3 0 Comparison of computed wave-induced velocities, low friction run ( line); medium 
friction run (... line) at locations of wave gauges 1, 2 , 3 , 7, 8, 9 from top to bottom panels. SASME 
experiments, Bichromatic wave = 1.9 s ; = 2.1 s and H = 3.5 cm. 
Figure 3.31 illustrates the comparison of computed sea surface evolution against 
experimental data for runs with low ( / = 0.005 ) and high friction ( / = 0.05 ) 
coefficients. The left column show results obtained with low friction ( / = 0.005), 
whereas the right column shows the same results when the friction is given by a 
rougher surface as defined table 2.1 ( / = 0.05). 
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From the comparison of both columns, it is possible to determine that a lower 
friction coefficient gives a better description for the wave transformation in this 
case. This confirms that a low friction coefficient represents, with good accuracy, 
the flow over a smooth surface such as that employed in the SASME experiments. 
In the right column, the bottom panel presents the surface elevations above the 
SWL. This shows that for a higher friction coefficient, some harmonics are lost 
due to dissipation from friction. This also verifies that for rougher surfaces, 
friction not only reduces the wave amplitude, but also induces changes in the 
swash oscillations. 
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Figure 3.31 Comparison of computed ( line) and measured (.-.-.- line) sea surface elevations at 
wave gauges 1, 2, 3, 7, 8, and 9 from top to bottom panels. SASME experiments. Left panel results 
for low friction run; right panel results for high friction run; Bichromatic wave T, = 1.9 s ; 
= 2.1 s and H = 3.5 cm. 
The computed wave-induced velocities, at the locations of the same wave gauges 
for both runs, low friction (solid line) and high friction (dashed line), are shown in 
Figure 3.32. Again, this evaluation is presented in terms of the numerical results 
only. 
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In this comparison, clear difference in the computed velocities for both cases (low 
and high friction) can be observed, especially for the wave gauges close to the 
shoreline. However, it is interesting that those differences are not considerable 
until the last wave gauge (bottom), in which both lines show clear disparity. From 
this result, it can be stated that for beaches with rougher surfaces, such as 
coarse grained beaches, bottom friction evaluated with the drag law can have a 
significant impact in the computations of velocities and sediment transport close 
the shoreline. This increases the importance of this process for this type of beach. 
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Figure 3.32 Comparison of computed wave-induced velocities, low friction run ( line); high 
friction run (... line) at locations of wave gauges 1, 2, 3, 7, 8 and 9 from top to bottom panels. 
SASME experiments. Bichromatic wave 7^  = 1.9 s ; = 2.1 s and H = 3.5 cm. 
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Summary of numerical experiments on friction 
The results presented in this section have confirmed that by incorporation of the 
drag law in the Boussinesq equations, it is possible to verify the impact of having 
different friction coefficients on the computed hydrodynamics. It has also been 
verified that the drag is important near the shoreline, where differences between 
similar coefficients were clearer. Therefore, bottom friction is a process that 
needs to be addressed when working in a description in the swash zone. Later in 
this thesis, the differences discussed here will be further explored in a numerical 
investigation that includes the examination of these effects in terms of the 
sediment transport prediction and beach profile changes. 
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Chapter 4. Sediment transport in the swash zone 
4.1. Introduction 
Shoreline change is generated because of the presence of either or both, cross-
shore sediment transport and gradients in longshore flux material. (Horikawa 
1988; Hughes 1992; Kobayashi 1988). Most sediment transport occurs inside the 
surf zone either as bed-load or suspended load. Recently, researchers have been 
giving more attention to the swash zone, as it has been recognised to contribute 
significantly in sediment transport on sandy beaches (bed + suspended load) and 
most significantly on steep/shingle beaches (bed-load) (Horn and Mason 1994). 
For coarse-grained beaches, the case study of this thesis, we are limiting 
ourselves to cross-shore study. 
Some researchers have found it useful to consider two separated phases of the 
swash cycle v^th different transport efficiencies. That is, they study sediment 
transport rates during the propagation of the waves up the beachface (uprush) 
and during the return flow down the slope (backwash) (Hughes et al. 1997a; 
Hughes et al 1997b; Masselink and Hughes 1998; Osborne and Rooker 1999). If 
we focus our attention in the cross-shore direction, the sediment balance 
between the swash phases will give the overall erosion and accretion of the 
beachface (Butt and Russell 1999; Puleo et al. 2000). 
This chapter introduces a description of the sediment transport in the swash 
zone. With regard to the physical mechanisms that researchers have found to 
affect the net direction of sediment transport. The distinction between bed-load 
and suspended load will be defined, as it has been treated in the literature by 
several researchers (Elfrink and Baldock 2002; Horn and Mason 1994). This is 
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carried out to assess the assumptions employed in the mathematical expressions 
presented later in this thesis. 
4.2. Sediment transport modes in the swash zone 
The pioneering investigation of swash sediment transport was carried out by 
Waddell (1973). His results came from a field study measuring instantaneous 
water and sand surface levels. The swash frequency was shovm to be a function 
of bore height. His study also found evidence of a predominance of material 
moved in suspension during the uprush and as bed-load during the backwash. 
In early investigations, bed-load has been defined as that part of the transport 
that is supported by intergranular forces, and suspended load as that part that 
was supported by fluid drag (Bagnold 1956). However, Nielsen (1992) pointed out 
that a given grain may be supported by both mechanisms, thus generating many 
measuring difficulties. So, it appears that the definition of these modes is 
somewhat arbitrary. 
Investigations on swash zone sediment transport were carried out to determine 
the importance of the different transport modes bed-load and suspended load 
(Horn and Mason 1994). In their study they found that suspended load is 
typically observed near the front of the uprush bore, and bed-load prevails 
during the backwash phase of the swash. However, because of the difficulties of 
measurement there is confusion over which dominates in swash zone. There is 
an ongoing debate whether bed-load and suspended load is most important in 
this area. The ratio between these two transport modes seems to vary greatly in 
time and space and many researchers have pointed out that the division between 
both transport modes is problematic (Larson et al 2004; Masselink and Hughes 
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1998). In addition, recent studies have pointed out that sediment transport in 
the swash zone usually occurs under sheet flow conditions (Hughes et al 1997a; 
Osborne and Rooker 1999). 
As a result of this confusion on the differentiation between the transport modes, 
a total load concept without distinction of modes might be more appropriated for 
sandy beaches (Butt et al 2001; Hughes et al 1997a; Masselink and Hughes 
1998; Nielsen 2002). In contrast, for the case of steep beaches comprised by 
coarse-grained sediments, this division is not necessary as bed-load can be 
considered the dominant transport mode due to the large grain sizes of the 
sediments involved (Soulsby 1997). 
4.3. Physical processes affecting sediment transport 
Swash zone processes have been identified as being significant factors in erosion 
and accretion of the shoreline (Masselink and Russell in review; Puleo et al 2000). 
Firstly it is important to mention that sediment transport in the swash directly 
depends on the direction of the flow. This is due to the different hydrodynamic 
conditions that prevail during uprush and backwash. However, the exact 
character of each phase, including the appearance of hydraulic jumps or 
retrogressive bores as well as the depth and flow velocity, are determined by a 
complex interaction between previous beachface conditions, beach groundwater 
djTiamics and initial hydrodjniamic inputs. 
Among the processes that have been identified which affect sediment transport in 
the swash zone are: bore turbulence (Butt et al 2004; Jackson et al 2004; Puleo 
et al 2000), infiltration/exfiltration of water within the beachface (Baird et al 
1996; Butt et al 2001; Turner and Masselink 1998; Turner and Nielsen 1997), 
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fluid accelerations during the uprush (Puleo et al 2003). The interaction of these 
mechcinisms with the flow in the swash leads to asymmetry of the velocity fleld, 
further changing the main direction for sediment transport. However, the relative 
importance of these processes has not yet been established, it may weU be 
variable depending on the characteristics of the beach. To give an example, in the 
case of infiltration/exfiltration effects will be more important for coarse grained 
beaches (Elfrink amd Baldock 2002). Whereas for sandy beaches, researchers 
have found that effects on the sediment transport could change from onshore to 
offshore depending on the grain size (Butt et al 2001; Karambas 2003). 
4.3.1. Bore turbulence effects 
Analysing bore coUapse data during runup, Yeh et al. (1989) showed that 
turbulence is advected with the bore front and ultimately acts on the dry beach 
bed. In the shallower area of the swash zone, turbulent vortices generated as a 
result of wave breaking and the subsequent bore collapse may reach the seabed, 
becoming an important factor for sediment stirring and maintenance of sediment 
in suspension during the uprush. The leading edge of the uprush (coUapsing 
bore) travelling over a very shallow water bed could be expected to entrain or 
maintain high concentrations of sediments because of the associated high 
turbulence levels reaching the bed (Puleo et al 2000). 
It also should be noted that the presence of turbulence may veiry with the 
geometrical conditions of the beach. On a steep beach with reflective conditions 
and plunging breakers, turbulence effects may be more important than in mildly 
sloping beaches with spilling breakers (Butt et al 2004). In the latter case, the 
energy dissipation takes place over a wider area. In an experimental investigation 
in the laboratory to compare spilling and plunging breakers, Ting and Kirby 
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(1994) found higher turbulence levels under t±ie plunging breaker compared with 
the spilling breaker, which further supports the findings by Butt et al. (2004). 
In a recent field study, Jackson et al. (2004) found that sediment entrainment 
during the bore collapse (seaward of the base of the swash zone) and subsequent 
advection of this bore-entrained sediment up the beach by wave uprush were 
important mechanisms during wave uprush. 
On the other hand, Pritchard and Hogg (2005) developed an analytical 
description to quantify the suspended sediment transport by a single swash 
event following the collapse of a bore in a plane beach. They concluded that 
swash events may be effective in distributing across the swash zone much or"all 
of the sediment mobilised by a bore collapse. Their work is based on the exact 
solution to the shallow-water equations obtained by Shen and Meyer (1963). 
The common perception from all the studies on bore collapse is that uprush 
transport is significantly influenced by this phenomenon (Masselink and Russell 
in review). However, there is also awareness in the research community that 
there is a need of more field and laboratory measurements to test the influence of 
this mechanism (Butt et at. 2004). 
4.3.2. Fluid acceleration effects 
The effect of fluid acceleration is normally assumed to produce delayed boundary 
layer growth and hence higher velocity near the bed than flows with weaker 
acceleration after the same duration of boundary layer development (Nielsen 
1992). Several works have shown that acceleration has a direct effect on 
sediment transport, mainly as another mechanism to put sediment in 
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suspension (King 1991; Ribberink and Al-Salem 1995). Moreover, in recent 
studies, fluid accelerations have also been related to sandbar morphology in the 
surf zone, showing that the peak in acceleration skewness of surf zone flows was 
well correlated with onshore bar motion (Elgar et al 2001; Hoefel and Elgar 
2003). 
In the swash zone, however, the acceleration effects are illustrated in the 
disproportionate uprush acceleration (onshore-directed) as compared to the 
backwash, observed in the shoreward propagating bore and swash front cind the 
associated horizontal pressure gradients. Recent works presented by Nielsen 
(2002) and Puleo et al (2003) have concluded that the strong onshore directed 
acceleration and backwash deceleration are likely to affect sediment transport. 
However, Hughes and Baldock (2004) have suggested that the appearance of 
strong onshore accelerations in some field data may be an artefact, related to the 
difficulty of measuring velocities accurately in very shallow water. Pritchard and 
Hogg (2005) also noted that there are difficulties estimating Lagrangian 
quantities from Eulerian time series data in the swash zone, because the 
advective term udu/dx in the momentum equation cannot be neglected. Thus, 
further studies are necessary in order to identify and describe the effects of 
acceleration-dependent transport. 
4.3.3. InfUtration/exTiltration 
The interaction between the flow above the beachface and the groundwater flows, 
has been a matter of research in several studies. In sandy beaches, some 
importemce has been given to the study of the watertable influence on the 
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direction of sediment transport (Butt et al 2001; Turner 1995; Turner and 
Masselink 1998; Turner and Nielsen 1997). 
Downward and upward pressure gradients during run-up and run-down cause 
percolation of water through the beachface. The effects of infiltration and 
exfiltration on sediment transport in the swash zone were summarized by Elfrink 
and Baldock (2002) as follows: 
1. Reduction of backwash volume and duration. 
2. Increase and decrease of the effective weight of sediment particles. 
3. Increase and decrease of the shear force on sediment particles. 
The reduction in the backwash volume, which is dependent on the beach 
permeability, leads to lower mean and maximum velocities in the offshore 
direction. This changes the flow asjmrmietry and therefore the sediment 
deposition patterns. The effect is expected to be of lower magnitude for sandy 
beaches where permeability is usually neglected, due to the small vertical flux 
that is present. However, in beaches with coarser sediment like gravel beaches, 
this effect may become important. 
Figure 4,1 presents a conceptual diagram which illustrates how, for gravel 
beaches, velocities are reduced in the backwash due to infiltration effects (after 
Osborne and Rooker 1997). The swash event starts v^th a sudden attack of the 
bore created by the breaking wave up the dry beachface. At this point the 
accelerated tip of the swash bore and the water table are effectively decoupled. 
The water table is initially at SWL but begins to rise, driven by the hydraulic 
gradients within the beach due to inequalities of the pressure on either side of 
the beach/bore interface. However as the swash front begins to slow at the top 
of the uprush, significant infiltration can occur as the beach soaks up the swash 
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lens. This also causes the beach water-table to rise and re-couple to the 
backwash. Also at this stage the flows within the beach reverse and water drains 
away. At the end of the backwash the beachface is dry and the water level has 
drained down to SWL. With regards to sediment transport, this means that a 
greater and faster moving amount of water moves over the beach face in the 
uprush, compared with the thinner and slower moving layer of water in the 
downrush combined with return flow through the beach pore spaces. 
Myarauiic graaienis 
Figure 4.1 Sketch of swash acting on a highly permeable beach. 
It must be borne in mind the amount of water infiltrated vnthin the beach will 
depend on its permeability, in other words, on the mean grain size of the 
sediment that comprise the beachface. In a recent study, analysing time series of 
velocity and concentration with a modified shields parameter, Butt et al. (2001) 
found that there is a critical grain size at which the influence of infiltration-
exflltration changes from offshore to onshore. Furthermore, this was numerically 
confirmed with a Boussinesq model coupled with a porous flow model by 
Karambas (2003). He identified the same critical grain size that determined the 
dominance of these eflects. This investigation also concluded that relatively small 
changes in friction factor might change the direction of the apparent influence of 
infiltration-exfiltration, also mentioning that the wave conditions have no 
influence on this process. 
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Conley and Inmain (1994) analysed the flow and the turbulence characteristics of 
ventilated boundary layers in the laboratory, which is analogous to a porous 
beachface. They found that turbulence in the case of infiltration is confined to a 
compact layer close to the bed, whereas it is more evenly distributed across the 
water column during exfiltration. The thinning of the boundary layer during 
infiltration leads to enhanced flow velocities and shear stress in the boundary 
layer, whereas the opposite occurs in exfiltration. 
Infiltration and exfiltration effects are also associated with additional pressure 
forces on sediment particles. Turner and Masselink (1998) showed that the 
criticad shear parameter can vary significantly due to the altered effective weight. 
Nevertheless, they found that the effect of the enhanced bed shear stress was 
more important than the altered effective weight and concluded that infiltration 
/exfiltration processes support onshore sediment transport in the swash zone. 
These effects are expected to increase for increasing sediment grain size, since 
vertical flow velocities and the resulting additional bed shear stress become 
larger for coarser sediments, and a relatively larger part of the sediment 
transport occurs close to the bed. 
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4.4. Summary 
This chapter introduced a description of the sediment transport in the swash 
zone, with regard to physical mechanisms that are believed to have an effect on 
the net direction of the sediment movement. Between these processes were 
discussed the importance of: 
o Bore turbulence, 
o Fluid accelerations. 
o Infiltration/exfiltration. 
This sets the ground to assess and discuss the mathematical expressions to 
estimate sediment transport, which are mtrgduced i n^ha 5 of this thesis. 
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Chapter 5. Quantifying sediment transport in the 
swash zone 
Governing equations of sediment movement based on the fundamentad physics 
have not been established owing to the enormous complexity of the phenomenon 
(Van Rijn 1993). Under that perspective, formulae for the sediment transport rate 
have been developed based on a macroscopic approach to oscillatory and steady 
fluid motion. 
Most.calculation.procedures for coastal _sediment treinspoit have been developed 
by adapting aind modifying the results for sediment transport in rivers. However, 
in the nearshore region the driving forces are not the same and we must consider 
the action of the waves and currents. Trainsporting mechanisms which are 
characteristic of the coastal region include wave breaking, cross-shore and 
longshore wave-driven currents and oscillatory fluid motion in the swash zone. A 
precise evaluation of these hydrodjniamic processes is required to obtain reliable 
formulations for estimating the sediment transport rate. Each one will induce 
different physical implications for the sediment movement (Horikawa 1988). 
There are two basic approaches that have been applied to estimate the bed-load 
transport rate. The flrst is known as the stochastic or probabilistic approach and 
it was introduced by Einstein (1972). He found that a specific sand particle 
entrained or picked up by the flow remained in motion for a certain distance 
deflned stochastically, then stopped to reside on the bottom for a certain period 
of time before again being picked up by the flow. Based on stochastic concepts, 
he introduced a well-known formula for calculating the sediment transport rate 
under unidirectional flow. One way to determine the sediment transport rate is 
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using the approach as introduced by Einstein; another is to look at all the 
processes that may be involved in contributing to the sediment motion. 
The latter was introduced by Bagnold (1963), suggested that the sediment 
transport is closely related to the fluid energy generated by the fluid motion in 
the vicinity of the bed. In this approach, it is assumed that the number of 
sediment particles set in motion is related to the bottom shear stress, and that 
these particles move at a certain speed according to the current. 
Many different formulations are available for estimating sediment transport on 
beaches. However, one limitation of the formulae is that authors have mainly 
compared and fitted their expressions to a certain set of measurements, based 
upon field or experimental data (Camenen and Larroude 2003). 
This chapter will give emphasis to bed-load sediment transport expressions, as 
the focus of this thesis is related to beaches with steep slopes. This type of beach 
is usucdly comprised of sediments with large grain sizes, (i.e. coarse-grained, 
gravel), for which bed-load is the dominant mode of transport throughout both 
the swash and surf zones (Soulsby 1997). Therefore, the following sections will 
present the concepts that must be defined in order to understand the sediment 
mobility under waves; introducing expressions of bed-load and sheet flow that 
are usually employed in the description of sediment transport in the swash zone. 
5.1. Sediment mobility 
For the purpose of sediment transport modelling, it is necessary to consider 
whether the sediment particles are resting at the bed or being moved around by 
the flow induced forces acting on them. The two main parameters that have been 
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used to defme the movement of the sediment particles are the mobility number 
and the Shields parameter. The mobility number is a dimensionless measure of 
the fluid forces acting on a sediment particle under waves. This number 
considers the force on a particle to be approximately proportional to the square of 
the velocity amplitude and assumes that gravity is the main stabilising force. 
Stud3dng the incipient motion of sediment particles in steady flow. Shields (1936) 
suggested a different measure of the balance between the stabilising and 
disturbing forces on sediment particles at the bed. This is the well known Shields 
parameter and is given by the following equation, 
where r is the bed shear stress, d is the mean grain dismieter, g is the 
acceleration due to gravity, s = p j p is the specific density, where is the grain 
density and p is the water density. 
In relation to wave motion, the Shields parameter is generally defmed in terms of 
the bed shear stress, which is usually estimated through the quadratic drag law 
given by 
T = ]^pf]u\u (5.2) 
This equation relates the skin friction / to the stability of surface grains, which 
is considered the main force disturbing their equilibrium. As mentioned in 
Chapter 3, the quadratic drag law has been validated for its use in the surf (Cox 
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et al 1996) and swash zones (Cox et al 2000), In both studies, they found good 
agreement when comparing predicted values from this relationship against 
measured shear stress. The combination of these two equations (5.1) and (5.2), 
is frequentiy used to determine the initiation of motion and the magnitude of 
moving sediment concentrations. 
The critical Shields parameter 0^^ is the effective Shields parameter at which 
sediment movement starts. The value of 0^^ is a function of the sediment size and 
density, fluid density and viscosity, and of the flow structure. Typical -values 
for sand in water are of the order of 0.05. 
In his studies on unidirectional flows, Shields (1936) noted that both the drag 
force and the lift force are proportional to the velocity squared and to functions of 
the Rejmolds grain number, Uf,d/v (w^  is the velocity at the bed). In what we now 
refer as the Shields diagram, he plotted the observed values of 9^^, against the 
grain Reynolds number. Figure 5.1 presents the diagrami obtained by Shields 
together v^th the experimental data he originally used. However, other 
reseeirchers have found less good agreement with this curve. This is illustrated 
with the filled dots in Figure 5.1, these were obtained in an experimental 
investigation carried out by White (1940). Amongst the possible reasons for 
these differences Sleath (1984) listed the variability of researchers criteria for 
defining the initiation of motion, the influence of turbulence on the critical shear 
stress and the effect of grain shape on the resistance to the flow. 
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Figure 5.1 Shields' diagram for initial motion in steady flow, (modified from Sleath 1984) 
The lowest value of the Reynolds number Uf^d/v in the data employed by Shields 
was 1.9. Therefore, the shape of the curve which he originsdly proposed was 
purely speculative at lower values of Uf,d/v . Later, in an experimental 
investigation for values oi Uf,d/v between 0.03-1.0, Mantz (1977) showed that 
the curve could be extended by the following equation 
= 0.1 
-OJ 
(5.3) 
which is also shown in Figure 5.1. 
Soulsby and Whitehouse (1997) modified the Shields diagram to include data 
from waves, and combined waves and currents. Then through a mathematical 
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transformation they presented a plot of 9^^ versus the dimensionless grain size 
given by 
D. = 
-|l/3 
(5.4) 
This transformation enabled them to closely fit an algebraic expression to the 
data. The empirical formulation is given by 
e„ = 0.30 1 + 1.2A + 0.055[l-exp(-0.020D.)] (5.5) 
The updated diagram is presented in Figure 5.2 wdth the inclusion of the data for 
waves and the combination of waves and currents (Soulsby 1997). It is seen that 
for large grain sizes (e.g. gravel) the experimental values of 9^^ for waves, are 
significantly larger than for currents. 
^ 0.1 J 
0.01 
Shields (1936) • Currents 
A Waves 
O Waves plus currents Soulsby (1997) 
I 
0.1 
T I I I M T T T • ! I I I > | T I I I I I I I 
10 
a 
100 1000 
Figure 5.2 Threshold of motion of sediments beneath waves and/or currents. Modified from 
Soulsby (1997) 
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Following Soulsby (1997), if the bed is sloping the gravity provides a component 
of force on the grain which may increase or decrease the threshold shear stress 
required from the flow. In consequence the threshold on a sloping bed at angle P 
to the horizontal is related to the direction of the horizontal flow by applying 
following the geometrical expressions in (5.6) and (5.7), for flow up and down the 
slope, respectively (see Figure 5.3) 
^cr sin^,. 
9^r^sm{fi-<P,) 
(5.6) 
(5.7) 
^sin(^ + ^ ,) 
Figure 5.3 Threshold of motion in sloping beds. Longitudinal slope 
9^^ is therefore the critical shear stress for the initiation of movement, that 
accounts for slope effects. Once that the initiation of motion has been 
determined it is possible to quantify the amount of sediment that is going to be 
moved by the flow. 
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5.2. Bed-load and sheet-flow 
If we consider the bed-load under a steady flow, most of the formulae state direct 
relationships between effective bed shear stresses and dimensionless transport 
rates without considering underlying details such as the amount of mobilised 
sediment, and the typical speed wi th which that sediment is moving. Presenting 
the form given by <1> = 0(0). 
Bed-load has been defined in several ways depending on the context. For 
modelling purposes the definition given by Bagnold (1956) sets a better 
framework. He defines bed-load as that part of the total load that is supported by 
intergranular forces, and.the_suspendeA)paL4is supported by fluid drag. 
At present, due to the complexity of understanding the sediment velocity and 
concentration distributions for the bed-load layer, we have to rely on empirical 
formulations that come from a large number of experiments for steady flow i n 
order to predict transport rate (Nielsen 1992). Most of the results f rom these 
experiments support a transport formula of the form 
O,cc(0-e^^)^ (5.8) 
The dimensionless flux is defined by 
^ . = 7 7 = = ^ (5.9) 
Figure 5.4 presents the plotted O -values that correspond to the total, measured 
sediment transport. Due to the fact that the sediment was fairly coarse (0.7mm), 
suspended load contributed little to the total transport rates shown. Even for the 
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experiments carried out by Wilson (1966). in which high stress data (^>1) was 
employed, a small contribution of suspended sediment was estimated, around 
20% of the total rate (Engelund 1981). 
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Figure 5.4 Total sediment transport rate under steady flows over flat beds. Modified from Nielsen 
(1992). 
The general trend of the data is closely matched by the classical bed-load formula 
proposed by Meyer-Peter and MuUer (1948) 
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0 , = 8 ( ^ - ^ „ r (5.10) 
They derived this type of equation on the basis of flume experiments wi th rather 
coarse sand (d>3mm) and for low Shields numbers (0 < 0.2). 
The commonly accepted generalized version of the Meyer-Peter type of equation is 
given by 
C ( . - 0 " f o r . . . . . 
' [ 0 f o r . < . , . 
Wilson (1966) provided a theoretical basis for this type of formula under sheet 
flow conditions ( .>1) .Wi lson (1987) found values of C = 12 and w = 1.5 based on 
the best fit to the equation of bed-load transport, that included high Shields 
numbers data which was published in Nnadi and Wilson (1986). 
A similar expression was proposed by Nielsen (1992), which is revmtten as 
equation 5.12 and i t is plotted in Figure 5.4. 
^ = \2{e-e^^)yfe (5.12) 
Values of C = l l and /7 = 1.65 were proposed by Ribberink (1998) through the 
fitting of data points for steady and oscillatory flows to equation 5.11. He verified 
the validity of this tj^^e of equation, showing good results when comparing 
against data that was used in their derivation. He showed equations such as that 
derived Fernandez Luque and Van Beek (1976) for smaller grain sizes D = 0.9 mm 
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and low Shields numbers 0<0A, for which C - 5.4 and « = 1.5. To support his 
conclusion, a graph was presented plotting the funct ion w i t h the C and n -
vedues found by Meyer-Peter and Muller (1948), Nnadi and Wilson (1986) and 
Fernandez Luque and Van Beek (1976). 
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Figure 5,5 Steady flows. Measured dimensionless transport rates vs. the effective Shields 
parameter minus the critical Shields parameter and the bed-load formulae with C=5.7, 0 8 and 
0 1 2 . Modified from Ribberink (1998) 
Many other authors have derived other formulations to estimate the bed-load 
transport, Bagnold (1963) proposed the following expression 
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where <t>^ is the angle of repose, P is the angle of slope of bed, positive for 
upslope flow and negative for downslope. 
A modification of a Meyer-Peter type of equation, which includes the angle of 
repose was suggested by Madsen (1991) expressed as 
Thus i t can be seen that, indeed, there are many possible formulations to choose 
from, the following section includes a discussion on the use of these types of 
formula under waves or combined waves and currents. 
5.2.1. Bed-load and sheet-flow under waves 
So the question now is "how cam the above formula be used to describe transport 
under oscillatory flows using instantaneous measurements of flow field?". 
The approach usually taken when studying wave-current flows is to consider the 
processes of bed-load and sheet flow as quasi-steady. That is, a Meyer-Peter type 
of equation may be applied instantaneously at each phase of the wave cycle, 
assuming that the instantaneous bed-load transport can be directly coupled to 
the instantaneous bed-shear stress or near-bed horizontal orbital velocity at the 
same phase of the cycle (Soulsby 1997). 
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A large number of experimental studies, carried out wi th coarser sands d > 2 mm, 
do confirm the quasi-steady nature of the oscillatory bed-load process. Horikawa 
et al (1982), Staub et al (1984), Sawamoto and Yamashita (1986), and Ribberink 
and Al-Salem (1995) presented detailed boundary layer measurements in various 
conditions, which show that near-bed sediment concentration and oscillatory 
flow velocities are closely coupled in time without important phase-lags. 
However, a recent experimental study has shown that an expression calibrated i n 
U-tube experiments (Ribberink and Al-Salem 1995), failed to reproduce the 
sediment transport rate under oscillatory flow generated in a large scale facility 
(Ribberink et al 2000), The reason why the velocity moment formulae fai l under 
these waves is partly due to the presence of boundary layer streaming and partly 
due to the saw-tooth asymmetry, i,e., the front of the waves being steeper than 
the back (Ribberink et al 2000). Waves wi th saw-tooth asymmetry wi l l generate a 
net landward sediment transport, because of the enhanced asymmetry in the 
acceleration field. More abrupt accelerations are associated wi th thinner 
boundary layers and greater pressure gradients for a given velocity magnitude. 
To overcome this l imitation, Nielsen and Callaghan (2003) employed a Meyer-
Peter-type equation operating on a time-varying Shields parameter. This 
accounts for both acceleration-asymmetry and boundary layer streaming, 
although i t does neglect time lags between the bed shear stress and sediment 
concentrations at various elevations, a feature that may be important for rippled 
beds (Ribberink et al 2000). 
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5.2.2. Swash zone sediment transport rate 
Investigations focused on the description of swash zone sediment transport have 
also used the Meyer-Peter type of equation, as well as Bagnold (1956; 1963) 
"energetics approach" to provide the right total amount of sediment moved in this 
area (Masselink and Hughes 1998). They showed that these equations needed 
different empirical constants (C) for l inking measured velocities and sediment 
transport i n the two phases of the swash. Their findings were confirmed by 
Nielsen (2002) by means of an expression wi th the following form 
0 for (9 < 0.05 
^ = i c ( ^ - 0 . 0 5 ) ^ " ^ ^ for^>0 .05 (5.15) 
with different C -values for uprush and backwash given by 
C.,™.,= 19,9 ±4.1 
Q „ = 8 . 9 ± 1 . 7 f ^ - ^ ^ ' 
Nielsen (2002) listed two possible mechanisms for explaining higher transport 
efficiency i n the uprush. Firstly, he mentioned the greater bed shear stress for a 
given velocity in a more accelerated uprush and secondly, the presence of pre-
suspended sediment f rom the bore collapse (Butt et al 2001; Masselink and 
Hughes 1998). 
I t should be noted that some mechanisms are not accounted for i n this 
formulation. For instance the observed lag in the bed-load experiments of Sleath 
(1978) between the instantsmeous bed shear stresses and instantaneous 
sediment transport rates is not incorporated. Therefore, i t should be noted that a 
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complete understanding of the physics of sediment transport in the swash zone 
is a task still to be done (Nielsen 2002). 
Another approach that has been used is the one that considers the evaluation of 
the net trajisport during the whole swash cycle, this was recently adopted by 
Larson et al. (2001; 2004). They propose the integration of the sediment 
transport over a swash cycle to estimate the net transport dur ing the cycle. 
They developed a formula that comes from a bed-load approximation which is 
also based on the original work by Meyer-Peter and Muller (1948). This was 
proposed by Madsen (1991) and it is given by: 
''^'^ - ^ {'^-^..r^ ( 5 . 1 7 , 
tan^ 
where 
where C = 8 , g the acceleration of gravity, s is the specific weight of the 
sediment, d the sediment diameter, ^ the local beach slope (\anP = dhldx , 
where h is the bottom elevation and x a cross-shore coordinate) and (p the 
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friction angle for a moving grain. At a given x, the transport is onshore dur ing 
the uprush phase and offshore during the backwash phase. 
In order to investigate the total transport rate, Larson et ai (2001; 2004) 
assumed that equation (5.17) is also valid i n the swash when a particular 
location x is subject to a flow. During time periods when there is no flow, the 
transport is set to zero. They considered the evaluation of equation (5.17) i n each 
phase of the swash, uprush and backwash, as i t is given i n the foUovmig 
equation: 
tan^ tan^ 
where. 
^tack^ash = ^ f " ( i v ' i r ' ^ ' (5.21) 
hpn^=-l[i\^\T'df (5.22) 
in which T is the wave period, assumed to generate the swash oscillation, and 
the start and end time of the swash, respectively, at x , and the time when 
uprush changes to backwash. In equation (5.20), offshore transport is taken as 
positive following their definition of the x-axis. 
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Then equation (5.20) is modified by means of scaling variables and some 
considerations for the value of the velocity dur ing the action of several swash 
cycles. Their f inal expression is given by: 
= K^2^R^'^(X-L] X . ; 7 l , ^ , J ^ - t a n ^ l (5.23) 
\^ RJ tan <t>-{dhidxY\dx J 
where is an efficiency factor, R is the runup, is the equil ibrium slope z is 
the elevation above the location that indicates the start of the swash zone and ^ 
is the frictional angle for a moving grain. 
It should be mentioned that although they showed good agreement with 
transport measurements in the swash zone, they only verified their equation 
under erosive conditions, i.e. when the berm is eroded. They considered a 
constant value for their efficiency factor , which does not consider the 
importance and differences between the physical processes acting dur ing both 
swash phases. 
5.3. Summary 
This chapter introduced the concepts and bed-load sediment transport 
expressions that are necessary to understand sediment transport i n the swash 
zone of beaches wi th steep slopes (i.e. beaches comprised by sediments wi th large 
grain sizes). This was done on the basis that for coarse-grained beaches, bed-
load is the dominant mode of transport throughout both the swash and surf 
zones (Soulsby 1997), I t was shown that most formulations i n the literature 
estimate the sediment transport rate f rom either the f lu id velocity in the vicinity 
of the bed, or the bottom shear stress. 
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The mathematical expression that is used in this thesis, corresponds to equation 
(5.24) which was developed by Madsen (1991) and it is also based on the original 
work by Meyer-Peter and Muller (1948). This equation accounts for additional 
effects, e.g. bed slope effects, the fr ic t ion angle of a moving grain. This expression 
is chosen on the basis that is possible to use this in an instantaneous way, 
which is in agreement wi th the formulations that are selected to evaluate the 
wave hydrodynamics. 
The final form of the expression that is going to be used dur ing this thesis 
hereinafter is given by: 
0 fory/<y/^^ 
^ {^-y^pcrfri forv^>V^^, (5.23) 
tan^ 
where y/ and y/^^ are determined in equations (5.18) and (5.19) 
It should be noted that this approach does not consider the contribution of all 
swash processes (like those described in Chapter 4) to the sediment transport 
rate. However, i t may be useful to identify key processes behind the evolution of 
beaches v^dth steep slopes, especially i f used in the context of the modelling 
approach presented i n Chapter 7. 
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Chapter 6. Experiments at the Large Wave Flume 
(GWK) 
The data used to study beach profile changes were collected dur ing a laboratory 
investigation of coarse grained beaches in which the author of this thesis 
participated as part of the international team responsible for the setup of each 
test and data collection. In particular, the coUaboration took place during the last 
week of experiments on the gravel beach and the complete set of tests carried out 
on the mixed beach. The experimental procedure aimed to provide the full-scale 
data that Mason and Coates (2001) recognised as necessary for the identification 
of processes controlling beach profile response on coarse grained and mixed 
sediment beaches. Towards this end, a collaborative experiment was undertaken 
at the Large Wave Flume (GWK) in Hemover, Germany under the EC-mobility 
programme (Lopez de San Roman-Bianco et al 2004, i n review). A full-scale 
experiment avoids scaling uncertainties present in small scale tests, making i t 
straight forward to relate experimental to field observations and providing a more 
reliable comparison for numerical model results. The experimental procedure 
was completed in May 2002 at the Large Wave Flume (GWK) of the Coastal 
Research Centre i n Hanover, Germsmy. 
The experimental programme included the recording of the morphological 
responses of two beaches under the same wave conditions. The sediment type for 
the first beach was gravel only and that for the second was a mixture of gravel 
(70%) and sand (30%). The recorded measurements show that the majori ty of 
morphology change took place between the break point and the maximum r u n -
up, in the neighbourhood of the shoreline for both cases. Notably, sediment was 
pushed up the profile above the stiD water line (SWL) to build a berm. The data 
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also show that there was a greater tendency for the sediment to be pushed 
onshore than offshore on the coarse-grained beach than on the mixed beach. 
The aim of this chapter is to introduce the data employed in this thesis to test 
the modelling approach. Under that perspective, a description of the facility, 
experimental set-up, sediment characteristics and beach construction are adso 
introduced. In addition, the selected hydrod3niamic conditions and the 
instrumentation to measure both, wave propagation and beach profile changes, 
are presented. 
6,1. Large Wave Flume (GWK-Grosser-Wellen Kanal)— 
The Large Wave Channel (GWK) is one of Europe's most important facilities for 
basic and applied research on Coastal Engineering phenomena. It is located at 
the "Coastal Research Centre (FZK)" in Hanover, Germany. 
The facility is a 307m long, 7m deep and 5m wide flume. This allows the 
simulation of water waves up to a height of 2m under quasi-prototype conditions. 
Figure 6.1 presents a picture of the installed piston type wave generator, which 
has the capacity to generate regular and irregular wave trsdns (natural spectra) 
with a power of 900 kW. The gearwheel driven carrier gives a maximum stroke of 
± 2.10 m to the wave paddle. In order to simulate natural water wave kinematics 
more accurately, the stroke can be superimposed by upper flap movements of 
± 1 0 degree. Also, a large cylinder integrated in the carrier compensates the 
water force in front of the paddle (rear is free of water). 
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Figure 6.1 Wave Generator at the G W K . (picture from G W K website) 
The wave generation is controlled by an online absorption system which is 
described in Figure 6.2. This works wi th all kinds of regular and irregular wave 
trains. Hence, the tests are not affected by re-reflections at the wave generator 
and can be carried out over nearly unlimited duration. The wavemaker also 
allows the generation of freak waves breaking at a predetermined point in the 
flume. 
700m 
I 2 
Figure 6.2 Absorption system at the G W K (picture from G W K website). 
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In addition, the facility has a mobile carriage wi th a 7.5m mechanical arm wi th 
roller at the end, which is used to measure beach profiles. Calibrated sensors 
then enable the profile to be inferred. 
With the existing equipment and computer capacity, measurements of the 
following chairacteristics can be performed: 
Wave heights and periods with electrical wire ropes 
Orbital velocities with two- and three-dimensional current meters 
Wave pressure wi th pressure transducers 
Hydrodynamic force wi th load cells and strain gauge applications 
Wave-induced beach profiles with computer controlled bottom profiler 
Suspension measurements with a pumping system 
Structure movements wi th displacement pickups 
Wave run-up and run-down wi th special electrodes 
Wave overtopping wi th integrated weighing systems 
Soil pressures and pore-water pressures wi th transducers 
Documentation of wave processes wi th video and underwater cameras 
6.2. Coarse grained beaches experimental set-up 
Figure 6.3 shows the setup for the experiments on gravel and mixed beaches 
carried out i n the GWK wave flume. This details the impermeable asphalt slope 
1:6, over which the sediment was deposited to construct both beaches (note that 
in this figure the scale in the horizontal axis is distorted), and some of the 24 
wave gauge positions. The master profile for both beaches was 1:8 and identical 
random and regular wave tests were undertaken. The left panel in Figure 6.4 
shows waves travelling along the flume and the right panel shows a wave after 
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breaking on the beachface. In both panels it is px)ssible to observe the mobile 
carriage fixed in the surf zone to measure wave velocities. 
Measurements for both beaches included: profiling, water surface elevation along 
the flume, velocities in the surf-zone, sediment samples, run-up, pore pressures 
in the swash zone, and set-up in the beach. 
«»g 16 Wg 17 Wg IB Hq 19 Wg 20 Wg 21 Wg22 Wg 23 Wg 24 
-9 9 O-
impemieoNc stapc -
1:6 — 
260 
Chainage (m) 
Figure 6.3 Experimental setup at the G W K 
L 
Figure 6.4 (Left) Waves propagating in the flume. (Right) Wave action on the beachface. 
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6.3. Sediment characteristics for both beaches 
The mater ia l for the gravel beach consisted of sediment w i t h a m e d i a n d iamete r 
of D50grave i=21mm. A l t h o u g h the gravel was no t as r o u n d e d as tha t f o u n d o n 
n a t u r a l beaches, i t was considered to be w i t h i n acceptable l i m i t s o f angu la r i t y . 
This mate r ia l was delivered f r o m a nearby q u a r r y a n d a wheeled loader was 
employed to t ranspor t i t i n to the f l u m e . It was es t ima ted t h a t a to ta l o f 8 6 0 
tonnes o f gravel were placed to provide a vo lume of app rox ima te ly 600m^. The 
beach porosi ty was f o u n d to be approx imate ly equal to 0 .44 
The sediment employed for the mixed beach consis ted o f a m i x o f gravel a n d 
sand. The mean diameter for the sand was D508and=300Mm. The sediment was 
tho rough ly mixed bo th p r io r to beach cons t ruc t i on outs ide the f l u m e and d u r i n g 
beach cons t ruc t i on w i t h i n the f l u m e . Figure 6.5 shows the wheeled loader m i x i n g 
the ma te r i a l i n order to get the desired m i x o f sediment . The ra t io t h a t best 
reproduced the target m i x o f 7 0 % gravel and 3 0 % sand was given by 3 bucke t s o f 
shingle by 1 of sand. 
Figure 6.5 Wheeled loader mixing the sediments. 
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Figure 6.6 i l lus t ra tes tha t , a f ter the desired m i x o f sed iment was reached, the 
mate r ia l was placed o n the asphal t slope. I n order to m i n i m i s e the loses of 
ma te r i a l (especially sand) towards the paddle , three concrete s t ruc tu res were 
placed at the toe of the slope, see Figure 6.7. The i n i t i a l poros i ty for the m i x e d 
beach was es t imated a r o u n d 0.2. 
Figure 6.6 Beach construction at the G W K . 
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Figure 6.7 Concrete toe to minimise loss of sediment. 
To guarantee tha t the d i s t r i b u t i o n of the sediment was u n i f o r m a l o n g the p ro f i l e , 
sediment samples at d i f fe ren t locat ions i n the cross-shore d i r ec t ion were t a k e n 
af ter the beach cons t ruc t ion . Figure 6.8 presents the sediment size d i s t r i b u t i o n 
of two samples t aken at d i f f e ren t locat ions for b o t h beaches. F r o m th i s f igure i t is 
possible to determine t h a t the sediment d i s t r i b u t i o n was u n i f o r m fo r b o t h 
beaches. I n a d d i t i o n , i t was possible to de termine the m e a n g ra in d iameter fo r 
the mixed beach (d^Q„,^^,j = 17 m m ) . 
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Figure 6.8 Initial sediment size distributions for both beaches. {-.-.-. line) mixed beach; (— line) 
Gravel beach. 
6.4. Hydrodynamics 
Most of the tests compr ised a to ta l o f 3000 waves. I n order to observe the rate of 
change for the beach prof i le , these waves were r u n as a series of batches. 
6.4.1. Wave generation 
I n order to generate a consis tent inc iden t wave c l imate , d i s tu rbances and 
ref lect ions m u s t be excluded d u r i n g the wave generat ion process. T h i s is 
achieved i n the GWK t h r o u g h the absorp t ion sys tem w h i c h was men t ioned i n 
section 6 . 1 . 
The programme consisted o f five tests of i r r egu la r waves a n d two tests o f regular 
waves as shown i n Table 6 . 1 . A l l these tests were ca r r ied o u t w i t h a water level of 
4 .7m. The JONSWAP spec t rum was used for a l l the i r regu la r wave series. 
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Table 6.1 Wave test programme. 
H / L 
Tp(s) 
Tm(s) 
H4m) 
R A N D O M W A V E S 
T e s t 1 
0 .05 0.05 
3.2 3.2 
2.8 2.8 
0.6 0.6 
T e s t 2 
0 .05 0.05 
4.1 4.1 
3.6 3.6 
T e s t 3 
0 .05 0.05 
4.4 4.4 
3.9 3.9 
1.2 1.2 
T e s t 4 
0 .03 0 .03 
4.6 4.6 
5.2 5.2 
T e s t 5 
0 .015 0 .015 
7.4 7.4 
6.5 6 .5 
T e s t 6 
0 .03 0.03 
3.6 3.6 
4.1 4.1 
0.6 0.6 
R E G U L A R W A V E S 
C a s e 1 C a s e 2 
H=1.0m T= 3.6 s H=1.0m T=6.5 s 
6.4 .2 . Wave gauges 
To record the wave propagat ion , 24 wave capaci tance wire wave gauges were 
placed a long the flume. Gauge arrays 1 to 4 , 5 to 8, 9 to 12 a n d 13 to 16 were 
arranged to a l low a ref lec t ion analysis to be ca r r i ed o u t . Figure 6.9 presents the 
flxed loca t ion for the wave gauges a long the flume d u r i n g bo th exper iments . 
000 
' 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 
100 00 150 00 
Ch«jn«fl« (m) 
250 00 
Figure 6.9 Location of wave gauges along the flume, (dash-dash) Still Water Line at 4 .7m 
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6.4.3. Mobile array: Acous t i c Doppler Ve loc imeters a n d 
Hydrophone 
Velocity measurements at d i f fe ren t locat ions i n the s u r f zone were t aken u s i n g 
ADVs m o u n t e d o n the mobi le carriage (Figure 6.10). Three t ime series were t a k e n 
at d i f fe ren t depths w i t h ADVs ver t ica l ly separated by 2 0 c m . 
H y d r o p h o n e 
Figure 6 .10 Mobile carriage with A D V s and hydrophone 
6.4.4. Sequencing of wave tests 
As ment ioned i n earlier sect ion, i n order to observe the rate o f change fo r the 
beach prof i le , the to ta l d u r a t i o n o f each wave test was d iv ided i n t o a series o f 
batches. These batches had d i f f e ren t t ime lengths . Usua l ly , at t he s tar t o f each 
wave test, a shor t d u r a t i o n ba tch was used, given as a f u n c t i o n of the peak 
period of the wave spec t rum as T,^^, =50 T^. Th i s was done i n o rde r to cap ture 
the prof i le changes tha t are more evident i n the beg inn ing of each test. T h u s , i n 
the i n i t i a l stages the prof i le is d i f fe ren t to i t s e q u i l i b r i u m for the given wave 
cond i t ion . Table 6.2 presents the selected batches for a l l the wave tests a n d for 
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the two different beaches, the gravel beach is identified by the number I and the 
mixed is identified by II. 
Table 6.2 Sequencing batches for each wave test a n d beach type 
Beach Test Type Hslm] Tpls] 
Sequencing batches [no. of Tp] 
a b C d e f g 
1 Irregular 0.6 2.8 3.22 50 100 500 1000 1500 3000 
2 Irregular 1.0 3.6 4.14 50 500 1000 2000 
3 Irregular 1.2 3.9 4.48 50 500 1000 2000 
4 Irregular 1.0 4.6 5.29 50 500 1000 2000 3000 
5 Irregular 1.0 6.5 7.74 50 500 1000 2000 3000 
R l Regular 1.0 3.6 - 50 100 200 300 400 500 
R2 Regular 1.0 6.5 - 50 100 200 300 400 500 
6 Irregular 0.6 3.6 4.14 50 100 500 1000 2000 3000 4500 
1 Irregular 0.6 2.8 3.22 50 500 1000 2000 3000 
2 Irregular 1.0 3.6 4.14 50 500 1000 2000 3000 
3 Irregular 1.2 3.9 4.48 50 500 1000 2000 3000 
4 Irregular 1.0 4.6 5.29 50 500 1000 2000 3000 
5 Irregular 1.0 6.5 7.74 50 500 1000 2000 3000 
R l Regular 1.0 3.6 - 50 100 200 300 400 500 
R2 Regular 1.0 6.5 - 50 100 200 300 400 500 
6.4 .5 . Pressure T r a n s d u c e r s 
In order to study groundwater flows within both beaches, 24 pressure 
transducers were installed inside the beach. The positions for these instruments 
were determined to study flow effects on hydraulic gradients within the beach 
and variation of watertable. 
The groundwater pressures were measured with 20 pressure transducers, 
arranged in arrays of 4 and located inside the beach. The left panel in Figure 
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6.11 shows two of the deployed arrays. I n a d d i t i o n , 4 pressure t r ansduce r s were 
ins ta l led on the impermeable slope u n d e r the beach ma te r i a l i n order to s t udy 
the va r ia t ion of water table and phreat ic surface movements . The right pane l i n 
Figure 6.11 shows one of these devices before b u r i a l . 
Figure 6.11 (Left panel) Arrays of pressure transducers picture from G W K website. (Right panel) 
pressure transducer on the impermeable slope picture taken from Lopez de S a n Roman-Bianco 
(2002). 
6.5. Morphology 
Beach prof i les were measured between batches fo r each test u s i n g the GWK 
prof i ler , a 7 .5m mechan ica l a r m w i t h ro l ler at the end . Th i s is can be t raversed 
over the prof i le by the carriage to w h i c h i t is a t tached. Ca l ib ra ted sensors then 
enable the prof i le to be infer red . Figure 6.12 shows the p ro f i l e r i n the mobi le 
carriage. The appara tus a l lows a q u i c k prof i le measurement a f t e r each ba tch 
w i t h o u t d r a i n i n g the f l u m e . Th i s procedure avoids d i s tu rbances due to chang ing 
water level. T h r o u g h th i s s ampl ing we were able to de te rmine i n t ime the 
m o r p h o d y n a m i c respxjnse of the beach. A l l the prof i les were t aken d o w n to the 
toe of the slope. 
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Figure 6.12 Mechanical arm with roller at the end. (Picture modified from Lopez de S a n Roman-
Bianco et al. 2004 , in review) 
6.5.1. Sed iment sampl ing 
To observe the sediment d i s t r i b u t i o n at three d i f f e r en t pos i t ions i n the cross-
shore d i rec t ion a long the prof i le , sediment samples were collected twice at 
d i f fe ren t stages o f the prof i le development. Th i s s a m p l i n g usua l ly took place a f t e r 
500 waves and at the end of the test. Figure 6.13 shows a ske tch w i t h the 
selected locat ions , w h i c h were the same fo r a l l the wave tests. They were 
iden t i f i ed by the "step" at b reak ing po in t , the SWL (where the p ro f i l e intersects 
the SWL) a n d the crest (at the top of the b e r m f o r m e d a f t e r each wave test). 
Crest 
Figure 6.13 Sketch with cross-shore locations for the sediment samplings 
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6.6. The selected data 
This section introduces the experimental data from the research carried out at 
the G W K , which has been selected for the model-data comparisons and 
discussions, later presented in this work. 
For both the beaches we consider the set of results corresponding to wave test No. 
1, which produces the initiad morphological changes. T h u s the initial bathymetry 
in both cases is that from the flattened profile with 1:8 slope. Therefore, the wave 
condition in both cases is the same as it is shovm in Table 6.1. 
The initial beach slope has been identified as having an important influence on 
the mode of beach formation (Powell, 1990). B a s e d on this conclusion, this work 
employs the same initial beach slope condition for both cases. B y doing this, the 
discussions later presented will assess processes acting under the same initiad 
conditions. This is done to identify those processes which govern the coarse-
greiined beaches morphological response to a wave climate. 
Therefore, instead of us ing the data for a verification of the modelling approach, 
we employ the data as the basis of our discuss ions for the identification of 
processes behind beach evolution. 
6.6 .1 . Morphological evolut ion - G r a v e l beach 
Figure 6.14 shows the resulting beach profile evolution after each batch that 
comprised the No. 1 wave test. From an initial inspection of the data it was clear 
that most of the profile change did indeed occur in the swash zone (this was true 
for all wave tests). It is clear that net onshore sediment transport from below to 
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above the s t i l l water l ine (SWL) i n the swash region has d o m i n a t e d the beach 
behaviour . The ma te r i a l close to the b r e a k i n g zone is eroded onshore w i t h a 
r e su l t ing step below the s t i l l water a n d a crest above. The beach crest s ta r t s 
developing very close to the SWL. This c lear ly shows the dominance o f onshore 
sediment f l u x . 
258 259 260 261 262 263 264 265 266 267 
Cross -Shore distance (m) 
268 
Figure 6.14 Grave l beach profile evolution during wave test 1. Lines shows different instants for the 
evolution from the initial profile to the state 3000rp after. 
To f u r t h e r analyse the beach evo lu t ion i n t ime , the fo l l owing f igures present the 
d i f f e ren t i a l changes between batches, t h i s is done to indica te the rate o f change 
tha t was observed d u r i n g the exper iments . 
Figure 6.15 presents resul ts fo r the f i r s t morpho log ica l changes tha t occur red 
af ter 50Tp o n the gravel beach. The top panel shows tha t a f t e r 50Tp there is 
already deposi t ion o f beach mate r i a l above the SWL. O n the o the r h a n d , the 
bo t t om panel shows the d i f fe ren t i a l changes between samples . For c l a r i t y a 
shaded area is employed for the a r o u n d the zero value. Th i s is done to c lear ly 
iden t i fy zones o f accret ion and erosion a long the p ro f i l e , showing the 
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conservat ion o f sediment . I t is in te res t ing tha t f r o m the s ta r t the swash region 
has domina ted the beach behaviour . The m a i n morpho log ica l changes occur over 
a distance of 5 metres l eng th , covering f r o m the wave b r e a k i n g zone u p to the 
r u n u p t i p . I t is clear t ha t b o t h panels i n the figure below show a clear 
predominance of onshore sediment t r anspor t f r o m below to above the SWL. 
^ 0.5 
258 260 262 266 268 270 
-0.2 
258 260 262 264 266 
C r o s s - S h o r e d i s t a n c e (m) 
268 270 
Figure 6.15 (top panel) Beach profile evolution from (... line) initial profile to ( line) SOTp. (bottom 
panel) Differential change between measurements . 
Figure 6.16 presents resul t s for the morpho log ica l changes o n the gravel beach 
tha t occurred f r o m 50Tp to lOOTp (same test d u r a t i o n as the previous case). The 
top panel shows beach prof i le evolu t ion , t h i s figure c o n f i r m s the observed 
behaviour d u r i n g the previous ba tch ; sediment is be ing deposi ted above the SWL 
increas ing the he ight of the crest. The b o t t o m panel presents the d i f f e r en t i a l 
changes between prof i les , represented by the shaded areas. The active area o f the 
prof i le remains constant , showing zones o f accre t ion and erosion i n the 
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ne ighbourhood of the SWL. Aga in bo th panels demons t ra te the p redominance of 
onshore sediment t r anspor t f r o m below to above the SWL. 
264 268 270 
262 264 266 
Cross - shore distance (m) 
268 270 
Figure 6.16 (top panel) Beach profile evolution from (... line) SOTp to line) lOOTp. (bottom panel) 
Differential change between measurements . 
Figure 6.17 presents the morpho log ica l evo lu t ion a f t e r wave ac t i on for 400Tp. 
The top panel shows tha t the beach prof i le changes are con ta ined i n a wider area 
t h a n i n the previous resul ts . Th i s figure also i l lus t r a t e s t ha t the beach crest has 
g rown considerably. I n add i t i on , i t is also noticeable t h a t the slope o f the prof i le 
appears to be mi lde r below the SWL t h a n above i t . F u r t h e r m o r e , i n the b o t t o m 
panel i t can be easily iden t i f i ed tha t due to the longer d u r a t i o n o f t h i s ba tch , the 
magn i tude of difi"erential changes has increased. 
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Figure 6.17 (top panel) Beach profile evolution from (... line) lOOTp to (_ ^ line) 5007^. (bottom 
panel) Differential change between measurements . 
Figure 6.18 a n d Figure 6.19 show the beach prof i l e evo lu t ion a n d d i f f e r en t i a l 
changes for two batches o f the same d u r a t i o n 500Tp. The in te res t ing features 
f r o m these f igures are: f i r s t , the mig ra t ion of the point where sed iment t r a n s p o r t 
changes f r o m erosion to accre t ion (it has moved I m back); a n d second, the 
decrease i n the magn i tude of the d i f fe ren t ia l changes. Th i s indicates t ha t the 
beach prof i le is responding slower to the wave ac t ion . 
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Figure 6.18 (top panel) Beach profile evolution from (... line) SOOTp to ( line) lOOOTp. (bottom 
panel) Differential change between measurements . 
1 
258 26^ 266 268 270 
262 264 266 
Cross-Shore distance (m) 
Figure 6.19 (top panel) Beach profile evolution from (.... line) lOOOTp to ( line) \500Tp. (bottom 
panel) Differential change between measurements 
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This is especially more evident i n bo th panels f r o m Figure 6.19, where the biggest 
d i f f e ren t i a l changes are a r o u n d the b r e a k i n g po in t at the cross-shore d is tance of 
2 6 3 m . Moreover, by c o m p a r i n g b o t t o m panels i n b o t h figures, i t appears t h a t 
d i f f e r en t i a l changes tend to zero, w h i c h means t h a t the prof i l e m a y be r each ing 
an e q u i l i b r i u m state for t h i s wave c o n d i t i o n . 
Figure 6.20 presents the last sampled p ro f i l e fo r th i s wave c o n d i t i o n ; t h i s 
corresponds to a ba tch three t imes larger t h a n the last two , w i t h d u r a t i o n o f 
1500 Tp. I n the top panel o f th i s figure i t is clear t ha t some sed iment is s t i l l be ing 
t ranspor ted onshore. The eroded ma te r i a l is be ing deposi ted at the back o f the 
beach crest. The beach slope above the SWL rema ins cons tan t a n d few changes 
can be observed i n the area below i t . The d i f f e r e n t i a l changes presented i n the 
lower pane l appear to be larger t h a n i n the last cases. However, m u s t be borne i n 
m i n d tha t t h i s ba tch had a longer d u r a t i o n . B o t h panels c o n f i r m t h a t sed iment is 
being p icked u p j u s t before the b reak ing p o i n t to be deposi ted immed ia t e ly 
a f te rwards . 
^ -0.5 
268 270 
0.2 
S. 0.1 
262 264 266 
C r o s s - S h o r e d i s t a n c e ( m ) 
268 270 
Figure 6.20 (top panel) Beach profile evolution from (... line) ISOOTp to ( line) 3000Tp. (bottom 
panel) Differential change betAveen measurements . 
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Finally, to give an indication of the beach profile change over time. Figure 6.21 
presents the change in volumes of the berm and the submerged eroded sediment 
over time, during the wave test 1. This figure shows that the volumes of eroded 
and deposited sediments are around the same magnitude. In addition, it is also 
shown that some volumetric changes are observed during the last batch of waves, 
which indicates that the equilibrium state has not been reached during this test. 
1000 2000 
Time (No. of w a v e s ) 
3000 
Figure 6.21 Berm and eroded submerged sediment change over time. (_ ) Berm volume ; (_ ) eroded 
submerged sediment. 
6.6.2. Morphological evolution - Mixed beach 
The morphological evolution for the mixed beach tested in Hanover is also 
considered in this work. Regarding this. Figure 6.22 shows the resulting beach 
profile evolution after each batch in wave test No 1. Therefore, the wave 
conditions here considered are the same as those taken for the gravel beach. 
From an initial inspection of the data it is clear that most of the profile change 
occurred in the swash zone (this was true for all wave tests). The material close 
to the breaking zone is eroded onshore with a resulting step below the still water 
and a crest above. This observation was also evident for the gravel beach. 
However, this case presents a different feature; it appears that there is no 
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conservation of sediment along the profile. Thi s is observed by comparing the 
initial flattened profile with the profile after 4500 waves. It seems that the 
amount of sediment deposited above the S W L is less than the sediment that has 
been eroded from below the S W L . An explanation for this is given in the next 
figures where the morphological changes between batches are presented. Another 
important characteristic from this beach is that it requires more time of wave 
action to show any noticeable change in its profile. 
2 6 0 2 6 2 2 6 4 2 6 6 
C r o s s - S h o r e d i s t a n c e (m) 
2 6 8 2 7 0 
Figure 6.22 Mixed beach profile evolution during wave test No 1. From the initial profile (1:8) to the 
state after 4500rp. Different lines show samples taken after each batch; (horizontal dashed line) 
S W L . 
To analyse the profile evolution presented in the figure above, the next figures 
present the beach profiles and differential changes between profiles after each 
batch. This is done to carefully analyse the beach evolution in time. Figure 6.23 
shows the beach profile evolution after 50Tp. In this figure, lays the explanation 
to the apparent non-conservation of sediment observed for morphological 
changes in Figure 6.22. The top panel of Figure 6.23 shows that changes in 
beach profile are almost unnoticeable. In addition, between the cross-shore 
distances given by 263m and 266m there is an apparent s inking of the profile. 
The bottom panel represents this effect with the yellow shaded area. It is also 
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possible to observe that the negative changes affecting the profile are greater in 
area than those on the positive side of the plot. This could be explained as a 
compaction of the material due to the bore collapse and wave breaking. 
2 5 8 2 6 0 2 6 2 2 6 4 2 6 6 2 6 8 2 7 0 
« 0 .1 
2 6 2 2 6 4 2 6 6 
C r o s s - s h o r e d i s t a n c e ( m ) 
2 6 8 2 7 0 
Figure 6.23 (top panel) Mixed beach profile evolution after 50Tp. {... line) initial profile; ( line) 
profile after 50 Tp. (bottom pane!) Differential change between measurements . 
Figure 6.24 presents the mixed beach morphological evolution after 450Tp of 
wave action, from 50Tp to SOOTp. The top panel of this figure shows that the 
compaction area has grown. The compaction area covers now from the cross-
shore distance 262m to 267m. The bottom panel confirms this behaviour; the 
computed differential changes show that the area with negative values is bigger 
than the positive values. That difference in positive-negative areas must have a 
physical explanation. This again could be that some compaction of the material 
is occurring at those cross-shore distances. However, for this batch some 
deposition is visible above the SWL. 
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^-0.5 
2 5 8 2 6 0 2 6 2 2 6 4 2 6 6 2 6 8 2 7 0 
2 5 8 2 6 0 2 6 2 2 6 4 2 6 6 
C r o s s - S h o r e d i s t a n c e (m) 
258 2 7 0 
Figure 6.24 (top panel) Mixed beach profile evolution from 50 Tp to 500Tp. (... line) profile at 50 Tp ; 
( line) profile after 500 Tp. (bottom panel) Differential change between measurements . 
Both panels in Figure 6.25 illustrate exactly the same behaviour as the previous 
figures. This demonstrates that wave action on the beachface is generating a 
compaction of material on the beach profile. 
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1*^-0.5 
2 5 8 2 6 0 2 6 2 2 6 4 2 6 6 2 6 8 2 7 0 
2 5 8 2 6 0 2 6 2 2 6 4 2 6 6 
C r o s s - s h o r e d i s t a n c e (m) 
2 6 8 2 7 0 
Figure 6.25 (top panel) Mixed beach profile evolution from 500 Tp to lOOOrp. (... line) profile at 500 
Tp; ( line) profile after 1000 Tp. (bottom panel) Differential change between measurements . 
Figure 6.26 indicates that compaction of material has been reduced in 
comparison to that observed in previous figures. Bottom panel in this figure 
shows a clearer conservation of sediment. This may be indicating that 
compaction of material on the beachface is reaching its max imum (after lOOOTp 
of wave action). Furthermore, the differential changes that have been observed 
in all these batches have a small magnitude, showing that the mixed beach 
requires a greater number of waves to show any noticeable change. Under that 
perspective, batches of longer duration were considered at the end of the wave 
test. Figure 6.27 shows the beach profile changes for a batch with duration of 
ISOOTp. Both panels in this figure illustrate that the main changes are occurring 
in the neighbourhood of the S W L , with clear dominance of onshore transport. 
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2 6 6 2 6 8 2 7 0 
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2 6 2 2 6 4 2 6 6 
C r o s s - S h o r e d i s t a n c e (m) 
2 6 8 2 7 0 
Figure 6.26 (top panel) Mixed beach profile evolution from 1000 Tp to 1500rp. (.... line) profile at 
1000 Tp ; ( line) profile after 1500 Tp. (bottom panel) Differential change between measurements . 
I " - 0 . 5 
2 6 6 2 6 8 2 7 0 
2 6 2 2 6 4 2 6 6 
C r o s s - s h o r e d i s t a n c e (m) 
2 6 8 2 7 0 
Figure 6.27 (top panel) Mixed beach profile evolution from 15007^ to 3000Tp. (.... line) profile at 
1000 Tp ; ( line) profile after 3000Tp. (bottom panel) Differential change between measurements . 
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To finalise with this wave condition for the mixed beach, the last profile was 
taken after 4500 Tp. Which comprise a batch of 15007^ duration. Figure 6.28 
shows this result, the top panel illustrates the beach profile evolution. Where a 
small grow in the beach crest is visible. Bottom panel illustrates differential 
changes between these two profiles, confirming that the evolution rate for the 
mixed beach has decreased from the one observed in the previous figure. 
W - 0 . 5 
2 6 8 2 7 0 
2 6 2 2 6 4 2 6 6 
C r o s s - s h o r e d i s t a n c e (m) 
2 6 8 2 7 0 
Figure 6.28 (top panel) Mixed beach profile evolution from SOOOTp to 4500rp. (.... line) profile at 
3000 Tp ; ( line) profile after 4500Tp. (bottom panel) Differential change between measurements . 
Figure 6.29 presents for the mixed beach, the change in volumes of the berm and 
the submerged eroded sediment over time during the wave test 1. This figure 
shows that the volumes of eroded and deposited sediments are different. It is 
believed that this observation is consistent with compaction of the beach material. 
It was not observed that sediment was lost below or above the region of 
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measurement. However, it should be remembered that profiles were taken from 
the middle of the beach and a degree of lateral movement was observed for some 
runs in the mixed beach. The figure also shows that for the last part of the wave 
test, the changes in volume for the berm and the submerged sediment are 
minimal. This indicates that the beach has been reached an equilibrium state for 
this wave condition. 
2000 3000 
Time (No. of waves) 
Figure 6.29 Mixed beach berm and eroded submerged sediment change over time during test 1. ( ) 
Berm volume ; ( ) eroded submerged sediment. 
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Chapter 7. Modelling approach 
7.1. Introduction 
Accurate modelling of coastal behaviour is linked to the understanding of basic 
hydrodynamic and sediment transport processes (Horikawa 1988; Van Rijn 
1998). Mathematical models integrate and synthesise our theoretical knowledge 
based on experiences gained during field and laboratory experiments (Van Rijn et 
al 2003). However, at present, accurate prediction of nccirshcre bathymetric 
change at all relevant scales to coastal engineers is very complicated, one of the 
biggest difficulties being the integration of the spatial and temporal variability of 
changes in beach morphology (Plant ei al. 2001). 
As a result, in this work the modelling approach is restricted to the identification 
of the basic processes governing the morphological response of coarse-grained 
beaches to a wave climate. Since this is still a task with many uncertainties, it 
seems necessary to combine carefully conducted experiments with systematic 
modelling to advance understanding of beach dynsmiics. 
A process-based model is a theoretical description of edl relevant processes by 
implementation of a series of sub-models representing wave propagation, wave-
induced currents, sediment transport rates and bed-level changes combined in a 
loop system to effect the dimamic interaction of the processes involved (Van Rijn 
1998). 
In consequence, this chapter introduces the modelling approach selected to 
study the dynamics of the coarse-grained beaches as introduced in Chapter 6. 
Given that the selected approach relies on the process-based type of models, the 
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following sections include a brief description of the philosophy behind process-
based models. Moreover, to set the framework of this investigation, a review of 
the latest works that consider a similar approach to the one selected in this 
thesis will be presented. In addition, the modelling structure considering 
different time steps for the description of the morphological and hydrodynamic 
processes will be established. Lastly, the implemented details for the 
mathematical modelling of the bed level changes will be incorporated. 
7.2. Process-based models 
Beach profile changes can be studied over a range of time and space scales. 
However, due to stability problems, process-based morphology models usually 
include some averaging of the different space and time scales (Roelvink and 
Broker 1993). This averaging can be applied to either the hydrodynaraic or the 
sediment transport calculations. 
Process-based models have a common structure, which comprises a detailed 
description of all relevant processes. The sub-models representing wave 
propagation, sediment transport cind bed level changes are generally combined in 
a loop system to ensure feedback and d3mamic interaction of the elements of the 
morphodynamic system, as can be seen in Figure 7.1. The main philosophy 
behind these models is to compute the near-bed velocity generated by the flow 
and then to use this as the driving mechanism for moving sediment at the 
seabed. This will produce the bed level changes and therefore the new beach 
morphology. Therefore, it is clearly important to determine the near-bed velocity 
accurately. 
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Various methods have been used to describe the asymmetry of the near-bed 
velocities of shoaling and breaking waves. For instance, is possible to employ 
empirical formulations such as those examined by Hamm (1996), or a time-
domain model to compute the wave-induced velocity (Elfrink and Baldock 2002; 
Kirby 2003). 
Wave propagation to 
g«t surface elevation 
and vek>cities. Waves S e d i m e n t s 
' 7 
B e a c h 
Morphology 
« 
Conservation of sediment equation 
to update bed level changes. 
Sediment transport 
equation 
Figure 7.1 General ised modelling approach. 
With this information, the sand transport model computes the magnitude and 
direction of the bed-load and suspended-load transport, based on the 
instantaneous and time-averaged near-bed velocities. In order to determine 
either of these, the near-bed instantaneous velocities should be specified as time 
series. 
Roelvink and Broker (1993) presented a review of process-based cross-shore 
profile models, discussing their simulated profile changes. They showed that the 
models performed better in the central part of the surf zone, where the waves 
break as spilling breakers. However, they highlighted that most of the relevant 
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hydrodynamic and sediment transport processes were not represented with 
sufficient accuracy, i.e. the swash zone was completely ignored in these models. 
With regards to the modelling of sediment transport, Schoonees and Theron 
(1995) presented a comparative study of various process-based cross-shore 
profile models, they listed the model characteristics and the processes not 
incorporated in each of them. They focused on assessing the ability to simulate 
movement, growth and decay of beu-s. 
The modelling approach employed in this thesis has the same structure 
identified in Figure 7.1. The selected mathematical expressions for calculating 
the hydrodynamics and sediment transport were introduced in Chapters 3 and 5, 
respectively. These comprise the highly non-linear Boussinesq equations to 
estimate waves and currents and a bed-load equation to determine the sediment 
transport rate. The main form of this equation has its origin on the one proposed 
by Meyer-Peter and Muller (1948). 
To put this work in context, the next section presents a review of previous 
research using Boussinesq equations to estimate morphological changes in 
beaches. 
7.3. Morphological changes with Boussinesq equations 
The sediment transport predictions are critically dependent on the prediction of 
wave-induced velocities. The asymmetry between the onshore and offshore 
velocities plays an essential role in determining the magnitude and direction of 
the wave-induced sediment transport. 
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Advances in the past, in time-domain modelling of waves and currents across the 
surf zone have shown that the alternative Boussinesq equations show great 
promise for prediction of velocity moments and thus sediment transport (Ozanne 
et al. 2000). Other researchers have used the Boussinesq equation to estimate 
transport directly. Karambas et al (1995) used a set of Boussinesq equations of 
weak non-linearity to estimate sediment transport rates in the surf zone. Rcikha 
et al (1997) used a similar set of wave equations to estimate morphological 
evolution in the nearshore zone. Therefore, both these studies were cauried out 
looking at the morphologiccd changes in the region below the SWL, focusing on 
bed level changes in the surf zone with the final aim of investigating bar 
formation. The swash zone was ignored in both studies. 
As has been stated in Chapter 4, the swash zone is a very active area for 
sediment transport and therefore for morphological changes. Karambas and 
Koutitas (2002) presented the earliest attempt to predict morphological changes 
over the entire beach profile including surf and swash zones. Until this work, 
most of the existing models were aimed at the prediction of beach profile chamges 
in the submerged part of the beach. In their investigation, they used a weakly 
non-linear Boussinesq approximation to study beach profile changes on sandy 
beaches. They calculated the total sediment transport rates by considering both 
modes of transport bed and suspended load. The bed load was evaluated with a 
sheet-flow formula developed by Dibajnia and Watanabe (1992), whereas the 
estimation of the suspended load was carried out with an equation proposed by 
Roelvink and Stive (1989) to estimate sediment suspension due to wave breaking. 
Their selection of the sediment transport formulae was done on the basis that 
they should considered all aspects related to the sand transport phenomenon, 
considering for example the evaluation of bed load and suspended load over 
ripples. 
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The modelling approach introduced in this thesis is in many ways similar to that 
presented Karambas and Koutitas (2002); both numerical models are able to 
describe the surf and the swash hydrodjmamics followed by the induced 
morphological changes. However, between their work and that presented in this 
thesis there are some differences that should be mentioned. 
Firstly, the non-linearity of the Boussinesq equations utilised in both studies is 
not the same. Karambas and Koutitas (2002) used the weakly non-linear version, 
whilst in this thesis we employ a set of highly non-linear equations. By using the 
latter option, we extend the applicability of the mathematical description to 
deeper water being able to reproduce the wave propagation seawsu-d the surf zone 
(and hence at the wave paddle in our experiments). 
Secondly, the case study used for the application of each numerical model is also 
different. As stated before, the work by Karambas and Koutitas (2002) is focused 
on sandy beaches. Therefore, most of the beaches studied in their research have 
mild slopes (1:20) and small median grain diameter within the range of 
i/jo =0.8-0.2 mm. Due to these beach material characteristics, all their 
simulations showed most of the morphological changes within the surf zone, 
even for the case when they considered a steeper slope (1:10). Conversely, the 
work presented in this thesis centres its attention on coarse-grained beaches, 
which are characterised by their steep slopes (1:8) and a composition of large 
grain sizes (21 mm). The characteristics of this tjrpe of beach reduce the 
importance of suspended load in comparison to the bed load as the main mode of 
transport. In addition, as has been documented in Chapter 6, most of the 
morphological changes occur in the swash zone, above and below the SWL. In 
consequence, the investigation presented in this thesis gives focus to the swash 
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zone hydrodynamic and sediment transport processes that are involved in the 
response of the beach to a given wave climate. The Karambas and Koutitas 
(2002) results were presented without any sensitivity analysis to e.g. efficiency 
coefficients or friction. Here the aim is also to assess these sensitivities to give 
insight into the processes. 
Additionally, the same approach has been recently used by Long and Kirby 
(2003) and Long et al. (2004). They employed a highly non-linear version of the 
equations to improve predictions in deeper waters, focusing in the surf zone 
hydrodynamics. All these models utilised averaging of the instantaneous 
quantities to obtain the statistical moments needed to drive wave-averaged 
transport models, and its application has been mainly directed to the 
investigation of bcir migration inside the surf zone. Therefore, their application 
has been restricted to sandy beaches with mild slopes, which are comprised of 
fine grain sizes. 
The use of this type of model to explain processes or predict beach profile 
changes on coarse-grained beaches, has been attempted by researchers like 
Lawrence et al (2000) and Lawrence et al. (2002). However, their preliminary 
results were carried out on mild slopes with large grain sizes, without 
comparisons to any experimental or field data. 
The approach presented in this thesis has been motivated by the success of these 
works. They have established that this type of process-based models are useful 
in describing surf zone hydrodynamics and the associated bar migration. 
Consequently, in this work we employ the same approach but we give emphasis 
to the investigation of coarse-grained beaches and their swash zone, as for these 
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beaches it have been shown that this region is one of the most active areas for 
sediment transport and bed profile changes. 
7.4. Description and structure of the process-based 
model 
As was described in section 7.2, this type of approach generally consists of three 
different modules; a hydrodynamic module, a sediment transport module and a 
morphology/evolution module. The morphological time step is different (bigger) to 
that used to solve the hydrodynamic equations. Figure 7.2 presents a flow chart 
of the model where the flow of information from one module to the other is shown. 
The inputs are the initial bathymetry and the wave conditions at the offshore 
boundary. The surface elevation time series at the offshore boundary is specified 
to propagate the wave conditions across the numerical domain. This is performed 
by the Boussinesq equations which are able to propagate the waves up to the 
shoreline, by means of the moving shoreline boundary which helps to simulate 
swash oscillations. As stated in Chapter 3, for the purpose of this thesis, we use 
the numerical code of the Boussinesq equations developed by Lynett and Liu 
(2002), this was then modified slightly to make it run more efficiently, this 
included reducing the model to one-layer and one dimension. The model was 
then coupled with a sediment transport equation (5.23) and a morphology 
module. Their numerical implementation is based on the finite difference 
algorithm presented by Wei et al (1995) and the numerical scheme utilises a 
predictor-corrector time-stepping, accurate to (A/**), where A/ is the time step. 
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Figure 7.2 Flow chart of modelling approach. 
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The spa t ia l d i f fe renc ing i n the i r scheme employs cen t red f i n i t e differences. A l l 
f i r s t -o rde r derivatives are d i f fe renced w i t h f o u r t h - o r d e r accura te equat ions , 
w h i c h are five-point di f ferences . Second-order spa t i a l derivat ives are 
approx imated w i t h th ree-poin t cent red f in i t e di f ference equa t ions , w h i c h are 
second-order accurate. 
The so lu t i on o f the Bouss inesq equat ions gives the surface e levat ion a n d wave-
induced velocity at the level given by = - 0 . 5 3 1 / i . Moreover , as descr ibed by 
Lyne t t et al. (2002), wherever h is negative (region above the SWL), the n u m e r i c a l 
mode l sets th i s r e la t ionsh ip to be =-h, so as to avo id the eva lua t ion o f 
u n d e r the seafloor. I n consequence, above the SWL the n u m e r i c a l mode l 
considers M „ = . 
I t m u s t be borne i n m i n d t h a t i n in te rmedia te water dep ths the ve r t i ca l s t r u c t u r e 
of the hor izon ta l velocity is n o n - u n i f o r m . Figure 7.3 presents a ske tch w h i c h 
shows th i s n o n - u n i f o r m i t y o f the ver t ica l s t ruc tu re of the ve loc i ty a long vAth the 
values of bo th velocities Ua and Ub. I t is s h o w n t h a t the veloci ty u „ is no t iden t ica l 
to the bed velocity Ub i n a s t r i c t sense. 
l _ 
u 
Figure 7.3 Sketch of the vertical s tructure of the horizontal velocity in intermediate waters showing 
values of Ub and u^. 
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The bed velocity cou ld be Ccdculated f r o m tJie parabol ic a p p r o x i m a t i o n w h i c h is 
i nc luded i n the Bouss inesq equat ions . I n sha l low water , however , the d i f ference 
can be overlooked and i t is considered appropr ia te to use the veloci ty ob ta ined 
di rec t ly f r o m the ca lcu la t ion o f wave m o t i o n as the bed veloci ty , t h i s is i n 
accordance to the u n i f o r m ver t ica l s t ruc tu re o f the ho r i zon t a l velocity t h a t is 
observed i n sha l low water. 
Consequent ly , we have used the veloci ty at the level 2^ =-0.52\h fo r the 
eva lua t ion o f the bed-load sed iment t r a n s p o r t equa t ion fo r a l l cases i n t h i s thesis . 
To ensure t h a t below the SWL the di f ferences between Ua a n d Ub are m i n i m a l , the 
model is r an over a plane slope of 1:8 a n d es t imated b o t h velocit ies a t t w o cross-
shore locat ions as can bee seen i n the top pane l of Figure 7.4. I n a d d i t i o n , the 
m e d i u m panel of this figure shows the ca lcula ted t ime series o f b o t h these 
quan t i t i e s w i t h the Bouss inesq equa t ions at the loca t ion o f 2 8 2 . 5 m , whereas the 
b o t t o m pane l shows the same i n f o r m a t i o n b u t closer to the S W L at 2 8 4 m . I t is 
s h o w n t h a t the differences between t h e m are m i n i m a l . T h u s , t h i s resu l t gives us 
confidence i n the election o f Ua as the d r i v i n g force to s t i r u p sed iment over a l l 
the beach prof i le fo r ou r case s tudy . 
The sediment t ranspor t rates are evalua ted w i t h a bed-load sed iment trainsport 
equa t ion , w h i c h has the basic f o r m der ived by Meyer-Peter a n d M i i l l e r (1948) a n d 
has been described i n Chapter 5, equa t ion (5.11). The use o f t h i s equa t ion is 
j u s t i f i e d by the large g ra in sizes o n gravel beaches. Bed- load can t h u s be 
assumed to be the d o m i n a n t mode o f treinsport t h r o u g h o u t b o t h the swash a n d 
s u r f zones. 
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Figure 7.4 Time series of ( ) Ua a n d (...) Ub at two cross-shore locations showed in top panel . 
This bed-load sediment transport equation is driven by the bed-shear stress 
considering a threshold of movement. These stresses are evaluated with the 
wave-induced velocities obtained from the Boussinesq equations. 
Therefore, the transport rates are calculated at the same hydrodynamic time step 
given by At (i.e. instantaneous). However, its implementation to induce bed level 
changes is performed using a bigger time step given by A/^ „^ ^ , this consists of a 
number of cycles given by A/^ ,^^ ^ = NA/ . Once the cumulative time (/ A/ ) is 
equal to the morphological time step, the sediment transport rates are time-
averaged to determine the net transport rate for this morphological time step, 
over the entire beach profile. This is achieved by numerical solution of the 
conservation of sediment equation, described in the next section. 
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7.5. Calculation of Morphological evolution 
Numerical representation of the conservation of the sediment mass equation is 
given by: 
dt 
1 
^\-n) dx 
(7.1) 
where is the bed level, x is the horizontal coordinate, / is the time and n is 
the value for the porosity of the gravel beach is set to 0.44 and for the mixed 
beach to 0.22, in accordance with reported values from samples taken during the 
GWK experiments. 
For the case of bed-load transport, the process expressed by equation (7.1) is 
illustrated in Figure 7.5. 
q in q out 
region AB 
transport at A - transport at B 
1 - porosity or a«ttisd iMd 
Votums oftrsnsport psr unit width of 
iMd p s r unit tims 
^ > 0 ^ ^ a c c r s t i o n 
of It'- e r o s i o n 
Figure 7.5 Principle of morphodynamics . Modified from Soulsby (1997) 
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The n u m e r i c a l scheme for the so lu t i on o f the above equa t ion was presented by 
Rakha et al. (1997) u s i n g a mod i f i ed Lax scheme, i n a f i n i t e d i f ferences n u m e r i c a l 
scheme. 
The finite-difference equa t ion is given by 
At 2Ax 
the subsc r ip t b was omi t t ed to avoid c o n f u s i o n a n d the value f o r z^. is g iven by 
the follovwng expression: 
z^. = a,zj^, + (1 - 2a,)z. + a,Zj_, ( 7.3) 
where index J is for the spat ia l g r id a n d / fo r the t ime ; a, is a coef f ic ien t set 
equal to 0.25 i n accordance w i t h the repor ted value i n R a k h a et al (1997). 
7.6. Sensitivity test of the morphodynamical time step 
I n order to ensure t h a t the selected m o r p h o d y n a m i c a l t ime step ( A/^„^^) is 
rel iable, t h i s sect ion in t roduces a sens i t iv i ty test o f t h i s pa ramete r aind i t s effects 
o n the i n d u c e d bed level changes. 
The selected test case is d e f m e d i n c o n f o r m i t y w i t h the beaches s tud ied i n the 
GWK exper iments . Tha t is , we employ a p lane beach w i t h a slope o f 1:8 w i t h a 
g ra in size set to c/ = 0.021m, a n d the selected waves are d e f m e d by a JONSWAP 
spec t rum w i t h Hs= 0 .6m, rp=3.22s a n d H / L = 0 . 0 5 . 
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The spat ia l step def ined by Ax = 0.129 m is the same i n a l l the n u m e r i c a l 
exper iments car r ied o u t i n t h i s test. The h y d r o d y n a m i c t ime step is g iven by 
A / = 0.0076 s (i.e. ins tantaneous) a n d the selected m o r p h o d j m a m i c a l t ime steps 
are given by A/ , , , ^ , = 3 s, A/„„,^, = 6 s a n d A/„„,^, = 12 s. 
Figure 7.6 presents the resul ts fo r these three exper iments , s h o w i n g the evolved 
prof i les af ter the ac t ion o f 100 wave periods. Th i s figure establ ishes the r e l i ab i l i t y 
of the mode l over the selected rsinge o f m o r p h o d y n a m i c a l t ime steps. Here ina f te r 
i n t h i s thesis, the selected m o r p h o d y n a m i c a l t ime step is t aken to be ^„orph = 6 s. 
S imi la r ly , Figure 7.7 presents two n u m e r i c a l exper iments on the saime plane 
slope tha t show divergence f r o m the stable s o l u t i o n given by A/^^^^^ = 6 . The 
m o r p h o d y n a m i c a l t ime steps correspond to ^t„orph = 0-076 s a n d ^t^orph = 100 s. 
3 -0.2 
260 261 262 263 264 
Chainage (m) 
265 266 267 
Figure 7.6 Sensitivity test of induced beach profile changes to selected morphodynamical time step 
-Convergence . (—)A/^,P^ = 3s; ( - IA/^ ,^ = 6 s ; ( - ) A / ^ , ^ = 12s. 
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Figure 7.7 Sensitivity test of induced beach profile changes to selected morphodynamical time step 
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7.7. Summary 
This chapter i n t roduced the mode l l ing scheme w h i c h w i l l be u t i l i s e d i n t h i s 
thesis . Th i s i nc luded a desc r ip t ion o f the ph i lo sophy b e h i n d process-based 
models , fo l lowed by a review of the latest research w o r k s t h a t cons ider a s i m i l a r 
approach to the one selected i n th i s thesis . Moreover , the s t ruc tu re a n d 
descr ip t ion o f the mode l l ing approach imp lemen ted was es tabl i shed. 
Figure 7.8 presents a graphicsd summairy o f t h i s chapter , i n w h i c h the three 
modules o f t h i s approach are i l l u s t r a t ed w i t h respect t o the selected 
ma thema t i ca l procedure. 
Therefore, the focus of the fo l l owing chapter v ^ l l be cen t red o n the use o f t h i s 
approach to investigate coarse-grained beach d y n a m i c s . Th i s w i l l be achieved by 
c o m p a r i n g the n u m e r i c a l s imu la t i ons w i t h the G W K expe r imen ta l da ta presented 
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i n Chapter 6 w i t h the a i m of i d e n t i f y i n g the basic processes governing the 
morpho log ica l response of coarse-grained beaches to a given wave c l imate . 
Highly non-linear ^ ^ ^ ^ ^ ^ Instantaneous bed 
Boussinesq load formulation. 
equations as V — ^ / Madsen (1991) 
presented by « Waves Sediments 
Lynett, Wu and Liu 
(2002) 
X / B e a c h ^ . / 
Morphology 
i 
morph osq 
Conservation of sediment 
equation based on: 
Rakha, Deigaard R. and 
Broker 1. (1997) 
Figure 7.8 Modelling approach with selected mathemat ica l expressions. 
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Chapter 8. Results and Discussions 
8.1. Introduction 
I n t h i s chapter , we compare the s i m u l a t e d prof i les f r o m the process-based 
mode l l i ng approach presented i n Chapte r 7, against measured prof i les fo r the 
same wave cond i t ion . The waves are d e f m e d by a JONSWAP s p e c t r u m w i t h Hs= 
0 . 6 m , rp=3.22s and H / L = 0 . 0 5 . The signals used to dr ive the Bouss inesq mode l 
are synthe t ic , i.e. def ined i n t e rms o f Tp a n d Hs o f the s p e c t r u m . A f u r t h e r 
exp lana t ion of the n u m e r i c a l wave m a k e r a n d i t s va l ida t ion w i t h correspondent 
target values is presented i n Lyne t t a n d L i u (2002). The measu red prof i les 
cor respond to the GWK data i n t r o d u c e d i n Chapter 6. T h i s c o m p a r i s o n i s ' ca r r i ed 
o u t i n order to investigate and i d e n t i f y the processes t h a t c o n t r o l beach prof i le 
evo lu t ion fo r bo th the gravel a n d the m i x e d beaches. 
Focus is given to the e x a m i n a t i o n of swash processes, as these measurements 
revealed tha t for b o t h mixed a n d gravel beaches, a lmost a l l morpho logy change 
occur red i n the swash region. O n steep beaches, the s u r f zone is n a r r o w a n d 
waves break a lmost a t the shorel ine. The beachface is general ly steepest i n the 
uppe r region of the prof i le compared w i t h the mean beachface. T h i s is a resu l t o f 
a greater tendency fo r the sed iment to be pushed onshore t h a n o f f shore on b o t h 
beaches. Th i s indicates an a s y m m e t r y i n onshore-offshore flows being strongest 
i n the swash of steep (highly permeable) beaches. 
The organisa t ion of th i s chapter is as fo l lows; f i r s t l y the d i scuss ion o f the 
approach , showing resul ts i n r e l a t ion to the measured da ta fo r the gravel beach 
is presented. Next, the inves t iga t ion o f processes t h a t con t ro l the evolu t ion o f 
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profiles for the mixed beach is undertaken. Finally, differences between the 
gravel and mixed results are discussed. 
8.2. Gravel beach 
To begin we will consider the initial morphological changes starting from the 
flattened profile with 1:8 slope. Figure 8.1 shows the beach profile evolution that 
will be used in this section to carry out the discussions. This illustrates three 
instants after the start of the wave action in one of the tests. It is clear that net 
onshore sediment transport from below to above the still water line (SWL) in the 
swash region has dominated the beach behaviour. The material close to the 
break point (BP given by the vertical dashed line) is eroded onshore with a 
resulting step below the still water and a crest above. The location of this break 
point is based on the value of = yH^ with Hs=0.6m and / = 0.72 . The beach 
crest starts developing very close to the SWL. 
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Figure 8.1 Beach profile evolution for gravel beach; (.... line) initial profile, (— line) measured profile 
after 50 waves, (-.-. line) measured profile after 100 waves, ( line) measured profile after 500 
waves. 
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8.2.1. Undertow discussion 
The m e a n flows and i n pa r t i cu la r u n d e r t o w , are i m p o r t a n t p h e n o m e n a to be 
discussed w h e n the es t imat ion of cross-shore sed iment t r a n s p o r t is in tended . 
T i n g sind K i r b y (1994), T i n g (2001) have car r ied o u t exper imen ta l w o r k to i d e n t i f y 
the dif ferences of mean cur ren t s fo r sp i l l i ng a n d p l u n g i n g breakers on 
impermeable slopes. However, o n gravel beaches, w h i c h are u s u a l l y h igh ly 
permeable w i t h steep forefaces and a n a r r o w s u r f zone, the conc lus ions d r a f t e d 
f r o m these w o r k s m u s t be t aken w i t h special care. 
One ques t ion tha t n a t u r a l l y arises is: h o w does u n d e r t o w behave over a h i g h l y 
permeable bed? This ques t ion was answered i n a n expe r imen ta l s t udy i n the 
labora tory , showing the mean flow character is t ics over impermeab le and 
permeable beds by Lara et al. (2002). The i r s tudy discussed the di f ferences 
between water surface envelopes and u n d e r t o w for these cases. They showed tha t 
the effect o f a permeable bed (d5o= 1 9 - 3 9 m m ) o n the u n d e r t o w is a change of 
the veloci ty p rof i l e , w i t h the magn i tude o f u n d e r t o w close to the sccifloor reduced. 
Th i s effect was more i m p o r t a n t i n sha l lower water . 
I n the f o l l o w i n g , we examine the u n d e r t o w pred ic t ion f r o m the Bouss inesq 
a p p r o x i m a t i o n employed. We show ca lcu la ted resul t s of u n d e r t o w by three 
d i f f e ren t methods f o r the wave cond i t ions and the master p ro f i l e w i t h a u n i f o r m 
slope o f 1:8. As ment ioned i n Chapte r 7, the ins tan taneous sed iment t r a n s p o r t 
rate is evaluated w i t h the value of veloci ty es t imated at the level given by 
2^ = -0 .531/? , t h i s value being based o n the o p t i m u m pe r fo rmance o f the 
equat ions as stated i n Chapter 3. A n a l ternat ive value of the u n d e r t o w used by 
some is the t ime average of the depth-averaged velocity d e f m e d b y 
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( 8 . 1 ) 
where , 
M 
V2 6 ; \ 2 ) 
( 8 . 2 ) 
and 
(8 .3 ) 
Figure 8.2 presents a compar i son of b o t h these u n d e r t o w values, {it^) a n d U. 
The resu l t s h o w n i n the figure c o n f i r m s t h a t f o r o u r case s tudy the di f ferences 
are m i n i m a l . So, ei ther cou ld be used, fo r s i m p l i c i t y we use (u^). 
^-0-08 
>-0.12k 
261.5 262.5 263 263.5 
Chainage (m) 
264.5 
Figure 8.2 Undertow comparisons; ( line) Est imated with the time average of velocity value at 
; (— line) Est imated with time average of depth-averaged velocity. 
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Anothe r appropr ia te way to incorpora te u n d e r t o w f r o m a Bouss inesq mode l is to 
expl ic i t ly accoun t fo r the h igher velocity i n the ro l l e r region o f a b r e a k i n g wave 
f r o n t (e.g. Madsen et a l . ,1997) . The new value o f u n d e r t o w U^,can t h e n be w r i t t e n 
by 
(8 .4 ) 
where , c i s the wave celeri ty a n d S is the ro l le r th ickness . 
Figure 8.3 shows the compar i son o f the cross-shore vair iat ion of u n d e r t o w 
evaluated f r o m (8.3) vr i th ( w ^ ) , the t ime-averaged value o f . 
^-0.08 
•0.16 261 261.5 262 262.5 263 263.5 
Chainage (m) 
264 264.5 
Figure 8.3 Undenow comparisons; ( line} Est imated with the time averaged of velocity value at 
z„; (-.-.- line) Est imated with equation (8.4) (roller contribution included). 
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The resu l t shows t h a t the rol ler c o n t r i b u t i o n is m i n i m a l i n o u r cases, due to the 
nar rowness o f the s u r f zone. Whereas, Madsen et al (1997) showed tha t fo r 
sandy beaches w i t h m i l d slopes th i s c o n t r i b u t i o n can be s ign i f i can t . These 
resul ts give us conf idence i n employ ing the value of d i r ec t ly i n t o the bed- load 
f o r m u l a t i o n . I n the f o l l o w i n g sections, the m o d e l l i n g app roach vdU be appl ied to 
show the effect o f d i f f e r en t swash processes o n the s i m u l a t i o n s o f beach p ro f i l e 
change. Discuss ions o n the efi'ects o f b o t t o m f r i c t i o n , i n f i l t r a t i o n a n d accelerat ion 
w i l l be presented. 
8.2.2. Investigation on Bottom friction 
This section w i l l investigate the role and effects o f b o t t o m f r i c t i o n w i t h regards to 
the morpho log ica l response of the gravel beach tested a t the G W K . The i n i t i a l 
ba thyme t ry is the master prof i le at the GWK w i t h a steep slope o f 1:8. 
B o t t o m f r i c t i o n is incorpora ted i n these s imu la t i ons by meams o f the quadra t i c 
d rag law, i n b o t h the h y d r o d y n a m i c module a n d the sed iment t r a n s p o r t equa t ion . 
Th i s requires the p resc r ip t ion o f an empi r i ca l f r i c t i o n fac tor . The value o f t h i s 
parameter i n the swash zone has been an active topic o f research i n recent years 
(Conley and G r i f f i n 2004 ; Cox et al. 2000 ; Puleo a n d H o l l a n d 2 0 0 1 ; 
Raubenheimer et al 2004) . There are two m a i n hypotheses conce rn ing the effects 
of f r i c t i o n o n swash zone m o r p h o d y n a m i c s , b o t h consider t h a t t h r o u g h o u t the 
swash cycle ( u p r u s h and the backwash phases), d i f f e r e n t values o f f r i c t i o n f ac to r 
may be needed. 
The first hj^Dothesis was p u t f o r w a r d by Cox et al (2000) w i t h resul t s f r o m 
labora tory o n a r o u g h impermeable surface and f u r t h e r c o n f i r m e d by Conley a n d 
G r i f f i n (2004) i n a field s t u d y o n a semdy beach. They propose t h a t the use of the 
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drag l aw i n the swash zone m a y be improved by the cons ide ra t ion of a h ighe r 
f r i c t i o n f a c t o r / d u r i n g the u p r u s h . 
The second hypothes is to be tested i n th i s sect ion is t h a t f r o m Puleo a n d H o l l a n d 
(2001), w h o m u s i n g da ta f r o m a sandy beach suggested t h a t the b a c k w a s h 
f r i c t i o n factors may be u p to three t imes larger t h a n the u p r u s h f r i c t i o n values. 
I n add i t i on , f r o m resul ts o f a field s tudy o n a sandy beach Raubenhe imer et a l . 
(2004) es t imated tha t f r i c t i o n fac tors i n b o t h , the u p r u s h a n d i n the backwash , 
were s imi la r . 
The first n u m e r i c a l exper iment is a imed at s t u d y i n g the hypo thes i s obtciined by 
Cox et al. (2000), t h a t f r i c t i o n may be h igher d u r i n g u p r u s h . Selected f r i c t i o n 
fac tor values are based o n the i r resul ts . Table 8.1 s u m m a r i s e s the chosen 
parameters for the three n u m e r i c a l exper iments i n w h i c h the f r i c t i o n coeff ic ient 
was set to be greater d u r i n g the u p r u s h . 
Table 8.1 Selected friction factors { / ) for each swash phase (fixed C -value). More friction during 
u p r u s h . 
Case C -value f^prush fbacklash 
" i 12 0.04 0.02 
2 12 0.03 0.02 
3 12 0.025 0.02 
For these exper iments , the t r anspo r t e f f ic iency ( C -value) i n the sed iment 
t r anspo r t equat ion given by (5.17), is kep t cons tan t a n d s y m m e t r i c . The value o f 
C = 12 is chosen, i n c o n f o r m i t y to the repor ted value by Nielsen (1992) i n f e r r ed 
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empirically from sediment transport data caring a wide range of grain sizes {d 
between 0.69mm and 65mm). This is done to observe the changes in the 
predicted profile due to the variation in the friction factor only 
Figure 8.4 shows the resulting computed profiles after the action of the waves for 
approximately 50 Tp. The figure shows that for cases 2 and 3 considering a 
slightly greater friction factor for the uprush, the predictions show a poor 
correspondence with the measured profile after the 50 Tp. Below the SWL, there 
is net accretion of sediment wi th the generation of a bar. This indicates an 
offshore movement of sediment to that position. Above the SWL there is no 
accumulation of material to form the berm which is observed in the experiments. 
In contrast, for Case 1, when the fr ict ion is twice as big dur ing the uprush as 
during the backwash, the predicted profile shows erosion below the SWL 
although there is stil l a bar generated. Above the SWL, accretion can be seen to 
form a berm. Interestingly this is overpredicted. Figure 8.5 illustrates the 
differential changes for these profiles. The results confirm that when using the 
fr ict ion factor values f rom case 2 (dotted line), the height of the berm is more in 
correspondence to that observed in the measurements. However, the amount of 
material accumulated over the SWL is not accurately described. The location of 
the bar is clearly identified and it corresponds to the point where the erosion is 
taking place, close to the break point identified by BP. This may suggest that 
apart f rom friction there aire more processes involved in this beach evolution. 
These results show that using realistic values of asymmetry in the friction factor 
in the swash improves prediction of the beach profiles, although quantitative 
agreement between the measured and computed profile evolutions is not 
satisfactory. 
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Figure 8.4 Comparison of profiles after 50 Tp. effect of greater (Fixed C -value). ( line) 
Measured; (-.-.-. line) Case 1 simulation; (.... line) C a s e 2 simulation; ( line) C a s e 3 s imulation. 
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Figure 8.5 Comparison of differential changes after 50 Tpi effect of greater / ^ ^ ^ (Fixed r -value). 
( line) Measured; (-.-.-. line) C a s e l s imulation; (.... line) C a s e 2 s imulat ion; ( line) C a s e 3 
simulation. 
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The second hypothesis to be tested wi th this approach is that f rom Puleo and 
Holland (2001) who, using data f rom a sandy beach, suggested that the 
backwash fr ict ion factors may be larger than the uprush f r ic t ion values. Table 
8.2 summarises the parameters of three different numerical experiments, in 
which the fr ict ion coefficient was set larger during the backwash. 
Table 8.2 Selected friction factors ( / ) for each s w a s h phase (fixed C-value). More friction during 
the backwash . 
Case C -value fbacklash 
~B\ 12 0^02 0 0 3 
B2 12 0.02 0.025 
B3 12 0.02 0.022 
Figure 8.6 shows the simulated profiles for these fr ic t ion experiments after the 
exposure of the profile for approximately 50 Tp. Starting vwth the Case B3, in 
which the fr ict ion factor i n the backwash is only slightly bigger tham dur ing the 
uprush, all three cases present a poor correspondence wi th the measured profile. 
The dashed line clearly shows the g r o v ^ of a bar close to the breaking point (BP). 
Cases B l and B2 confirm how more sediment is being eroded f rom above the 
SWL to increase the size of the bar located in the neighbourhood of the breaking 
point. The observed growth of the bar in the numerical results is expected. This 
is because evaluation of the shear stresses is carried out using the drag law. 
Increasing the fr ict ion factor dur ing the backwash has an effect on the calculated 
shear stresses, inducing more sediment transport towards the offshore direction. 
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Therefore, the anomaly found through the increase of backwash fr ict ion factors, 
is completely reversed with respect to that observed in the measured profile given 
by the solid line. This is further confirmed in Figure 8.7 where the differential 
chsmges for these profiles are shown. The observed erosion in the simulations is 
a result of the offshore flows that are evaluated with the equations combined 
v^rith an increase in the sheair stresses given by a higher f r ic t ion dur ing the 
backwash. We can aff irm that these numerical experiments are the most unreal 
from the physical processes point of view. The combination of an offshore velocity 
(not considering the permeability of the bed) wi th a higher fr ict ion in the 
backwash leads to greater erosion above the SWL. 
In interpreting the contrasting results f rom both hypotheses, it mus t be borne in 
mind that the measurements and the analysis procedures used by the 
researchers in their conception are different. The nature of the anomaly found in 
this work between the observed morphologiccd change and the numerical 
prediction based on constant fr ict ion factor support the conclusion by Cox et al 
(2000) and Conley and Grimn (2004) that fr ict ion factor / measured dur ing 
uprush may be greater. 
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Figure 8.6 Comparison of profiles after 50 Tp : effect of greater / ^ . ^ ^ (Fixed C -value). ( line) 
Measured profile; (-.-.-. line) C a s e B l simulation; (.... line) C a s e B 2 simulation; ( line) C a s e 8 3 
s imulation. 
S 0.05 
2 -0.05 
264 265 
Chainaae (m) 
Figure 8.7 Comparison of differential changes after 50 Tp : effect of greater / ^ ^ ^ (Fixed C -value). 
( line) Measured; (-.-. line) Case B l simulation; (.... line) C a s e B 2 simulation; ( line) C a s e B 3 
simulation. 
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The frict ion factor is a measure of the resistance of the fluid to flow over a 
surface. The incorporation of asymmetric values for this factor was put forward 
following the conclusion by Cox et al (2000). They proposed that using this 
hypothesis, the performance of the drag law in the swash zone could be improved. 
Although this approach showed that the improvement was noticeable in the 
prediction of morphological changes, this was not satisfactory. A plausible 
explanation for this is that more mechanisms apart f rom drag may be importaint 
when estimating sediment transport in the swash zone. 
8.2.3. Sensitivity to asymmetry in C 
The bed-load sediment transport equation given in (5.17), utilised i n the 
modelling approach, has another parameter that is possible to vary; the efficiency 
factor given by the C-value. The use of different C-values for each phase of the 
swash is an approach that has been used by Nielsen (2002) on sandy beaches, 
having as a base the field work carried out by Masselink and Hughes (1998). In 
his work, Nielsen considered this difi'erence in the uprush and backwash 
efficiencies to be due to differences in bed shear stresses in the presence of 
accelerated flows. 
For a highly permeable beach, the effect of inf i l t ra t ion is likely to be important on 
modifying the flow above the beachface, in addition to the acceleration effects. 
Its role is focused on reducing the trainsport efficiency dur ing the backwash 
(Packwood 1980). During the GWK tests, inf i l t ra t ion was quite evident f rom 
observation alone. In consequence, we consider that the C-value can be used to 
parameterise its effects. Use of a larger C-value dur ing the uprush than dur ing 
the backwash wil l be used to model the inf i l t ra t ion. However, i t should be noted 
that for the case of the gravel beach, the processes of acceleration mentioned by 
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Nielsen (2002) may also be significant. Thus C incorporates two processes in 
this approach. 
To discuss this approach on the prediction of the beach profile, we present 
results obtained wi th identical uprush and backwash values C = 12 and wi th 
non-identical values in uprush and backwash Q^^;, = 12; C^ ^^ *^.^ ^ = 4 . Both cases 
are computed wi th a constant fr ict ion coef f ic ien t / = 0.02. Figure 8.8 and Figure 
8.9 show the resulting profiles and differential changes obtained after 50 Tp, 
using a constant sediment transport efficiency of C = 12 and a constant f r ic t ion 
coefficient of / = 0.02. Both figures confirm that the use of constant transport 
efficiency and fr ict ion factors does not give a close prediction to the observed 
morphological changes. These figures demonstrate that, i f the C parameter and 
bottom friction are kept constant and symmetric i n the uprush and backwash 
accurate representation of profile evolution is not possible. Indeed, the computed 
deposition and accretion regions are reversed. 
Here the limitations of the modelling approach appear evident, i t is clear that 
some of the processes involved i n this beach evolution are not taken into account. 
Firstly, bottom friction is incorporated i n these simulations by means of the 
quadratic drag law. This requires the prescription of an empirical fr ict ion factor 
that may be asymmetric in the swash zone (see section 8.2.4). Secondly, 
infi l t rat ion is not considered in the derivation of the Boussinesq equations 
employed here. On a highly permeable beach, the effects of this process are more 
significant in the backwash than in the uprush phase of the swash. An 
immediate implication of this result on the morphological evolution is that 
infi l trat ion wil l reduce the sediment carrying capacity in the offshore direction, 
particularly in the swash zone. 
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In contrast, Figure 8.10 and Figure 8.11 show that the use of asymmetric C-
values allows a closer prediction of the observed beach profile to be achieved. 
The main trend of the profile is well described by this change i n the C -values. 
Differential changes show that sediment is being eroded f rom below the SWL to 
above i t , in accordance v^th the measurements. I n addition, the feature given by 
the crest is reproduced although material in the region at the top of the profile is 
not being deposited. 
From these results we conclude that the proposed approach is relevant to our 
case here. Although C is a crude attempt to encapsulate more complex 
processes, we f ind that allowing for inf i l t ra t ion in this way allows better 
predictions to be made. The variation of this coefficient must not be regarded as 
a detailed representation of the swash physics. However, this ad hoc approach, 
reasoned from observations of swash behaviour i n the laboratory, appears to be 
just if ied on the basis of these results. 
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Figure 8.8 Comparison of profiles after 50 Tp: symmetric C values . (.-.-.-. line) 
Simulation C ^ ^ ^ = 1 2 ; C ^ 4 ^ ^ = 1 2 , ( line) measured profile after 50 7>. 
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Figure 8.9 Comparison of differential changes after 50 Tp. symmetric C values . (-.-.-. line) 
Simulation Q ^ = 12 ; C ^ ^ ^ ^ = 1 2 , ( line) measured profile after 50 Tp. 
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Figure 8.10 Measured and predicted profiles after 50 Tp : asymmetric C values . (-.-.-. line) 
simulation C^^^^ = 12 ; Q^cW*/! = ^ » ( measured. 
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Figure 8.11 Measured and predicted profiles after 50 Tp. asymmetric C values . (-.-.-. line) 
simulation = 12 ; C ^ ^ ^ , / , = 4 . ( line) measured. 
It should be noted, that in the sediment transport formulation used in this work, 
the increase of the C parameter may have the same effect as the friction factor 
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modification. Indeed, oc C i f / is constant and cc /^ '^ i f C is constant and 
I// » I f / . However, wi th in the published and validated range of values, the 
improvement in prediction wi th the modification of / is not as good as that 
which can be achieved by adjusting the transport efficiency C . Thus, by 
modifying the transport efficiency we conclude that this appears to encapsulate 
more processes, than simply the effect of fr ict ion. The processes that are believed 
to play an important role in shaping the gravel beach are: acceleration effects 
and the role of the bore collapse increasing the transport dur ing the uprush and 
infi l t rat ion. 
If the consideration of different C values dur ing the swash cycle is maiiniy 
thought under the hypothesis of infi l t rat ion, then i t could be argued that i t is 
incorrect to consider the sameC^^^z, /C^ ^^ t^ .^ ;^  ratio for all the beach profile, e.g. 
infi l t rat ion does not occur in the surf zone as this area is saturated. From the 
observed profile, i t is possible to determine that erosion is taking place in the 
surf zone. So, the question we pose now is; What process is behind it? 
We have commented that the variability of C is due to more processes than jus t 
the effect of infi l trat ion on the flow. Another way to confirm this is by setting up a 
numerical experiment which tests the spatial variability of the Q ^ ^ s / , / Q a c * « a s / i 
ratio. In the follov^ang, we r u n the model considering a constant value of C = 12 
up to the chainage of 264m (just below the SWL, where the beach is likely to be 
saturated), after this point we use different values for the swash cycle given by 
^uprvsh - ' 5 ^  backl ash ^ * 
Figure 8.12 presents the results for the above numerical experiment along wi th 
the simulation when using a constant value of C = 12 for all the profile, this 
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result shows the generation of a bar in the neighbourhood of the breaking point. 
The feature in this region (bar formation) is still present in the simulation which 
considers different C-values during the swash cycle (C„^,^ =12;C^^^^ =4) after 
the chainage of 264m. Thus the justification for having different C -values is not 
just on the basis of the process of infiltration. Therefore, we assume that there 
are more processes acting on the profile that are enhancing onshore sediment 
transport and producing profile erosion below the SWL. Amongst these, we could 
mention the acceleration effects, or the role of the plunging breakers collapsing 
in this region of the profile, both processes have been mentioned in the literature 
as possible reasons for the increased sediment transport in the onshore direction. 
-0.3 
264 265 
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Figure 8.12 Measured and predicted profiles after 50 Tp : spatial variability of C values. (... line) 
simulation us ing symmetric C = i 2 values all along the profile; (— line) s imulat ion us ing C = 12 up 
to the chainage of 264m in combination with Cy^,^, = 12 ; C^^^,^ = 4 after this chainage; ( 
line) measured profile. 
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8.2.4. Investigation on acceleration effects 
In a recent work, Drake and Calantoni (2001) investigated the role of f lu id 
accelerations i n nearshore bed-load transport. They modified a Bagnold type of 
formula wi th an additional term depending on a funct ion of the near-bed fluid 
acceleration. The expression that they proposed has the general form: 
q,{f)=C{u') + f{a) (8.5) 
The inclusion of an acceleration term i n a time-domain morphology model was 
recently used by Hoefel and Elgar (2003) and Long and Kirby (2003) to capture 
the onshore migration of a bar located in the surf zone. They showed-that the use 
of the modified Bagnold formula enabled better predictions to be made. 
In the light of these results, we modify the bed-load formulat ion to include an 
acceleration term like the one proposed by Drake and Calantoni (2001). 
Follov^ang their results, the form of the equation used in this section is 
(0= 
0 foTe<o^^ 
C ^ \u u. 
1 + 
t a n / ? ( ^ " ^ ^ ^ ^ | ; : j ' ' ^ ° ^ ^ " ^ - ) f o r ^ > ^ ^ , (8.6) 
tan^ 
Before entering into a discussion of the induced changes wi th the acceleration 
term in the bed-load transport equation, i t is necessary to define the two 
parameters that are included in this added term. These are the acceleration 
threshold given by a^ „^  which have units of m/s^ and the efficiency given by 
with units of kg s m?. 
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The accelerations are calculated by deriving the time series of the estimated 
velocity by the Boussinesq equations (a = du^/dt) and i t effects to sediment 
transport aire included in the right hand side term of equation (8.5). 
Before entering the discussion, i t is necessary to point out that when calculating 
the flow acceleration in the swash zone, i t is essential that we are careful. The 
treatment of the data points and their assigned value for the velocity is really 
important, especially when the grid points are not exposed to the flow. Therefore, 
when a grid point is considered as dry, i t should not be given a value of zero 
velocity as this wi l l lead to an arbitrarily high acceleration. 
To illustrate this issue, Figure 8.13 presents a numerical time series for the flow 
velocity, and its associated value for the acceleration. The latter is calculated 
using the velocity time series that considers non-values for dry instants. The time 
series shown correspond to a location in the upper swash zone, at the chainage 
given by 286.75m. In a similar vein. Figure 8.14 shows the time series at the 
same location wi th the difference that zero veilues are assigned to the flow 
velocity when the grid point is dry. The comparison of both figures clearly shows 
that i f we assign zero values to the velocity when the grid point is dry, this 
artificially introduces an onshore directed acceleration. 
In consequence, in this thesis special caire is taken in order to avoid the 
introduction of these misleading quantities during the numerical runs that 
include acceleration. 
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Figure 8.13 Time series of flow velocity (with no values in dry instants) a n d its associated 
acceleration at one location in the upper swash . ( ) Flow velocity ; (...) acceleration. 
130 131 
Time (s) 
132 133 134 
Figure 8.14 Time series of flow velocity (with zero values in dry instants) a n d its associated 
acceleration at one location in the upper swash . ( ) Flow velocity ; (...) acceleration. 
Figure 8.15 shows the simulated profiles for two numerical experiments 
considering this term, in comparison with the measurements and the simulated 
profile obtained without the acceleration term. All numerical results are 
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evaluated with a constant efficiency factor of C = 12 . Figure 8.16 illustrates the 
differential changes for these profiles. 
Both simulations including the acceleration term, consider a constant of 
proportionality of -O.Ol kg s m^. They differ only in the selected value of a^„^, 
given by a^^, = 0.09 m/s^ and = 0.07 m/s^. Both results show very poor 
correspondence wi th the measured profile. 
Both numerical experiments show the same features, wi th an onshore movement 
of the bar in the neighbourhood of the breaking point. This bar was also present 
in the simulation when no acceleration term was included. Interestingly, a small 
berm is generated at the top of the profile. These features aire a consequence of 
the higher transport that is generated by the contribution of the acceleration 
term. Despite the induced changes by the acceleration term on the simulated 
profiles, we cannot say that there is an improvement i n the prediction. This 
leaves unclear the role of acceleration on the beach morphodynamics, at least 
with the approach taken in this work. It should be stated that part of this poor 
correspondence between the computed and measured profiles, could be 
attributed to the velocity estimation f rom the current Boussinesq equations, 
which are derived for an impermeable bed. 
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Figure 8.15 Comparison of profiles after 50 Tp for the numerica l experiments including fluid 
acceleration. ( line) Measured; (.... line) s imulation with no acceleration term a n d C = 12 ; (— 
line) s imulation with A: =0.01 a n d a =0.07; (-•-•-• line) s imulation with A: =0 01 a n d a =0.09-
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Figure 8.16 Comparison of differential changes after 50 Tp for the numer ica l experiments including 
fluid acceleration. ( line) Measured; (.... line) s imulation with no acceleration term and C = 12 ; (-
— line) simulation with =o.OI and a =0.071 (-•-•-• line) s imulation with A' =0.01 and a =0.09-
To further illustrate the contributions of the acceleration on the sediment 
transport along the profile, Figure 8.17 show the non-dimensional sediment 
168 
C H A P T E R 8. R E S U L T S AND DISCUSSION 
transport rate as estimated by the numerical model at three coordinates in the 
cross-shore direction, given by the chainages of 265m, 266m and 266.75m. The 
three panels show the time series of the calculated sediment transport wi th 
equation (8.5). The solid line presents the sediment transport rate without the 
acceleration, the dotted line is the contribution of acceleration, and the dashed 
line is their sum which then gives the total transport. 
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Figure 8.17 Non-dimensional sediment transport rate at three locations on the beach profile. Top 
panel - at 265 m (a S W L ; Medium panel - at 266 m; Lower panel - at 266 .75 m. ( ) q without 
acceleration; (—) q with acceleration; (...) q due to the acceleration term only. 
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The above figure suggests that for this particular case, the contribution of 
acceleration is mainly onshore directed, this being stronger in the region close to 
the SWL (top panel). 
These results suggest that acceleration may be part of the processes that are 
increasing the onshore transport in this type of beaches. Nevertheless, it is clear 
from this result that acceleration alone could not be the cause of the observed 
berm growth during the GWK tests. Therefore, on gravel beaches there may be 
more than one process having an influence on the predominance of onshore 
sediment transport. 
The bore collapse on the beachface from a plunging breaker is another process 
that was evident during the experiments, but is not possible to model with the 
present approach. Clearly, this process will increase sediment transport in the 
onshore direction. Interestingly, from the measured profile displayed by the solid 
line, it could be established that the "collapse point" for the approaching waves is 
exactly where the bar is generated by the model. This may suggest that it is 
necessary to modify the sediment transport equation to consider the bore 
collapse as a mechanism to stir up sediment. 
Therefore, the modification of the C-value during each phase of the swash may 
be mimicking not only the effects of infiltration that were observed in the 
experiments, but also the effects of a more accelerated uprush (as stated by 
Nielsen), the differences of friction for each phase of the swash and a violent 
plunging breaker collapsing on the beachface. All these processes may be 
working together to increase the onshore transport of sediment. The follovtang 
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section will present a sensitivity einalysis of the morphological changes in relation 
to the selected pair of C -values for each phase of the swash. 
8.2.5. Sensitivity analysis 
This section presents a sensitivity analysis of the morphologiccd changes to the 
C parameter. The range of values was selected from those previously reported in 
the literature (Madsen 1991; Ribberink 1998; Soulsby and Whitehouse 1997) 
and are summarised in Table 8.3. These values were derived from optimisation 
of empirical data obtained using different sediment sizes, from gravel to fine 
sands. The results of these numerical experiments are shovim in relation to the 
measured profile in the GWK after'50 Tp. Figure 8.18 shows the resultant profiles 
for the first three test cases summarized in Table 8.3 and Figure 8.19 presents 
the differential changes for these profiles. Both figures illustrate the impact on 
the predicted profile of changing only Q^^,;,. 
Table 8.3 Chosen C -values for sensitivity analys is in each s w a s h phase and Br ier Skil l Scores for 
the beach pronie predictions after 50 waves. 
Case C -values Brier Skill Score 
1-A c 
uprusfi ~ ^ 5 ^ baelc»-ash " 
= 4 0.2120 
1-B c 
uprv.sh 
= 12; C^ ocJhim/i = 4 0.6502 
1-C c 
uprush * s ^back^-ash 
= 4 0.5160 
2-A c 
uprush — ^backlash 
= 3 0.3639 
2-B c 
^ uprush ' 9 ^baclnvash 
= 7 0.6517 
2-C c 
uprush 
= 19 • r 
* s ^ bacht ash 
= 12 -0.1905 
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The figures clearly show that the value of the Q^^,^ controls the rate of change of 
the beach profile. Furthermore, beach evolution is better captured by the dashed 
line which represents the run wi th the values in Case 1-B (C^^^^ =12;C^^^^;, = 4 ) . 
In a field study on a sandy beach, Masselink and Hughes (1998) found a ratio of 
2 between the C-values for uprush and backwash. Interestingly, the ratio found 
in this analysis (approximately 3), is bigger than that found in their investigation. 
Some part of the difference between the ratios for C -values found by Masselink 
and this sensitivity analysis could then be attributed to the high permeability of 
the gravel beach. The simulation with a ratio of 2 between C-values, shown in 
the picture by the dotted line, is not enough to capture the main trend as that 
observed in the experimental data. This result suggests that the transport 
efficiency during the backwash should indeed be smaller than in the uprush £uid 
is consistent wi th the hypothesis of infi l trat ion mentioned in section 8.2.3. 
264 265 
Chainage (m) 
Figure 8.18 Comparison of s imulated and measured profiles after 50 Tp for different C-va lues : 
sensitivity to C^^,^. ( line) Measured; (... line) C a s e 1-A simulation; (— line) C a s e 1-B 
simulation; ( line) C a s e 1-C s imulat ion. 
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Figure 8.19 Comparison of simulated and measured differential changes after 5 0 Tp for different -
values: sensitivity to C ^ ^ , ^ . ( line) Measured; (.... line) C a s e 1-A simulation; (— line) C a s e 1-B 
simulation; ( line) C a s e 1-C s imulat ion. 
To confirm further this result, but f rom the perspective of the backwash 
coefficient C^.^^,;, f ixing the C\^^^^^, we now use the selected values for cases 2-A, 
2-B and 2-C in Table 8.3. 
The obtained beach profiles are shown in Figure 8.20 and the differential 
changes are presented in Figure 8.21. The best approximation is given in both 
figures by the dotted line which represents Case 2-B. This suggests that the 
value for C hat kM ash must be kept small in order to obtain a realistic profile 
evolution for this beach material, again the ratio between C -values is 
approximately 3. Thus, the nature of the flows dur ing uprush and backwash is 
different. If the value Q^,^ « ^hockwmh » predicted beach profile is away from the 
measured evolution. 
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Figure 8.20 Comparison of profiles after 50 Tp us ing different C -values: sensitivity to C^^^^^,. 
( line) Measured; ( line) C a s e 2-A simulation; (.... line) C a s e 2 - B s imulat ion; (-.-.-. line) C a s e 2-
C simulation. 
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Figure 8.21 Comparison of differential changes after 50 Tp us ing different C -values: sensitivity to 
^hacky^ash ' ( Measured; ( line) Case 2-A simulation; (.... line) C a s e 2 - B simulation; (-.-.-. 
line) Case 2 -C simulation. 
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To provide an objective measure of how good the predicted beach profiles are, we 
use the Brier Skill Score BSS which represents a measure of the accuracy of a 
prediction. This is used to assess prediction of morphological changes in a 
similar way as that presented by Brady and Sutherland (2001). Estimated values 
of the Brier Skill Score (BSS) in Table 8.3, confirm these results. These show that 
the best predictions identified above yield corresponding values of BSS=0.6502 
and BSS=0.6517, respectively. 
From the results above, the sensitivity analysis was continued around those 
values with better skill (BSS), finding two combinations of C -values with 
improved skill scores BSS. Those were Q^^;, = 19;C^,^.^^ = 6 with a BSS= 0.6599 
and C„^^^ =12;C^,t^.^;, =3 with a BSS=0.7367, which was the best skiD obtained. 
Further optimisation was not deemed appropriate, given the crude encapsulation 
of complex processes that we are assuming. 
8.2.6. Beach profile evolution 
Although the primary purpose of this investigation is not to produce a predictive 
tool, this section includes an investigation of the predictive capability of the 
approach taken. The best pair of C -values obtained from the sensitivity analysis 
will be used to simulate the measured profiles from the GWK after the action of 
50, 100 and 500 Tp. 
Figure 8.22 presents the predicted beach profile after 50 waves 
^uprush -^'^'^^backlash = 3, thls profilc shows good agreement in the zone below the 
still water line SWL, BSS=0.7367. However, for the zone above the SWL, there is 
an under prediction of the accumulation of material which is generating the crest. 
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All these observations appear more evident in Figure 8.23, which shows the 
differential changes of these profiles with respect the master profile. This 
comparison illustrates that crest height is well described by this approach. 
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Figure 8.22 Comparison of beach profiles after 50 Tp. ( line) Measured profile; (— line) 
3 B S S = 0 . 7 3 6 7 . simulation with C \ ^ ^ = 12; C, 
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Figure 8.23 Comparison of differential changes after 50 Tp. ( line) Measured profile; (— line) 
simulation with C . ^ ^ = 1 2 ; C ^ ^ ^ = 3 B S S - 0 . 7 3 6 7 . 
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Figure 8.24 presents results for the beach profile evolution after the action of 100 
Tp, wi th a BSS=0.7776. This figure shows a comparable, i f slightly improved, 
prediction. However, there is stil l an under prediction of material in the crest 
zone. The discrepancies are believed to be a direct result of the l imitations of the 
empirical approach taken. It is surprising that in view of these limitations, that 
the adopted sediment transport formulation provides such a good estimate of the 
profile evolution. On the other hand, the accuracy of these results gives 
confidence that time-domain models can be employed to predict beach evolution 
due to a sea state. The associated differential changes wi th these profiles are 
shown in Figure 8.25, here the measured changes illustrate that there is an area 
where most of the erosion is taking place, and this is around the chainage given 
by 263m. It is also clear that the predominance of this point is not shown by the 
simulated profile wi th asymmetric C-values. A possible physical mechanism that 
may be causing the erosion at this chainage is given by the bore collapse on the 
beachface. 
264 265 
Chainage (m) 
Figure 8.24 Comparison of beach profiles after 100 Tp. ( line) Measured profile; (— line) 
simulation with C,^,^ =^2;C^^^^ = 3 B S S - 0 . 7 7 7 6 
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Figure 8 .25 Comparison of differential changes after 100 Tp. ( line) Measured; (— line) 
simulation with C,^,^ =12 ;C^4^^^ = 3 B S S « 0 . 7 7 7 6 
Figure 8.26 shows the profile evolution after the action of waves for 
approximately 500 Tp. In this case, despite the fact that the shape of the profile is 
captured, there is a clear disagreement on the position of the predicted and 
measured crest. This may be explained due to the differences of the flow nature 
above and below the SWL (saturated and unsaturated zones). Furthermore, in 
the measured profile after 500 Tp it is possible to identify a clear break of the 
slope at the SWL not present in the model results. The slope of the profile 
appears to be milder below the SWL than above i t . We postulate that this is due 
to processes that are not encapsulated wi th in our model. For instance, the 
complex interaction of groundwater flows wi th the swash flows is not considered 
here. Oscillation of the phreatic surface wi th in the beach changes the potential 
for inf i l t rat ion at locations above SWL and hence the mobility of the sediment. All 
these features appear clearer in Figure 8.27, where the differential changes for 
these profiles are displayed. 
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Figure 8.26 Comparison of beach profiles after 500 Tp. ( line) Measured profile; (-.-.-. line) 
simulation with c = 12 • C.^ . = 3 • BSS=0 .0802 
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Figure 8.27 Comparison of differential changes after 500 Tp. ( line) Measured; (-.-.-. line) 
simulation with c . = 1 2 ; r , _ ^ . = 3- BSS=0 .0802 
The following section will employ the modelling approach to undertake the same 
analysis for the mixed beach tested at the GWK. This is done in order to identify 
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important processes behind the beach profile evolution for the same wave 
condition. 
8.3* Mixed Beach 
So the question now is "how can we apply the same approach to the mixed 
beach?". In order to answer this question, this section introduces the application 
of the modelling approach to the mixed beach tested at the GWK. As for the 
gravel beach, in this case we will consider the initial morphologiccd changes with 
a profile close to the initial 1:8 uniform slope. The wave conditions are then the 
same as those employed for the gravel beach, defined by a JONSWAP spectrum 
with Hs= 0.6m, rp=3.22s and H/L=0.05. This will enable us to compare results 
from both beaches, the characteristics of the beach material being the only 
difference between them. One of the key things of applying the same approach for 
the mixed beach case, is that the amount of infiltration is greatly reduced, which 
helps to elucidate the importance of this process in the evolution of both beaches. 
To start the modelling in the mixed beach case, the initial profile is considered to 
be that measured after the action of waves for a period time given by 1000 Tp. 
The justification for this was given in Chapter 6, where it was shown that first 
measured profiles for the mixed beach showed some compaction. 
Figure 8.28 shows the resulting beach profile evolution at three instants after the 
start of the wave action. For this case, as for the gravel beach, it is clear that net 
onshore sediment transport from below to above the still water line (SWL) in the 
swash region has also dominated the beach behaviour. As for the gravel beach, 
the material close to the break point (BP) is eroded onshore v^th a resulting crest 
above the SWL. 
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From this figure it is also clear that for the mixed beach a greater number of 
waves are required to show any noticeable change, this is after the action of 
5 0 0 a n d ISOOTp for the solid and dash-dot lines. Thus, this beach is less 
mobile. 
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Figure 8.28 Mixed beach profile evolution; (.... line) measured profile after 1000 Tp, (-.-. line) 
measured profile after 1500 Tp, ( line) measured profile after 3 0 0 0 Tp. 
One limitat ion of the modelling approach is that the different grain sizes involved 
in the composition of the mixed beach (70% gravel and 30% sand) cannot be 
described. However, to use the same bed-load formulation as in the gravel beach 
test, the mean grain size for the mixture is considered through all numerical 
results presented in this section, this is d„^^j =\lmm . Amongst the processes 
that wi l l be assessed are bottom friction and its variability in the swash cycle, the 
role of acceleration and the variability to the C -parameter in the swash zone. 
During the discussions it is considered that the amount of inf i l t ra t ion in this 
case is less than that observed in the gravel beach. 
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8.3.1. Investigation on Bottom friction 
This section will investigate the role and effects of bottom friction with regards to 
the morphological response of the mixed beach tested at the GWK, The initial 
bathymetry is the measured profile after the action of 1000 Tp, which is very 
close to the master profile with a slope of 1:8. 
As mentioned before, bottom friction is incorporated in these simulations by 
means of the quadratic drag law, which requires the prescription of an empirical 
friction factor. The hypotheses to be tested are the same as those presented in 
the gravel beach case, which consider different values of friction factor 
throughout the swash cycle (uprush and the backwash phases). 
The first set of numerical experiments is designed to investigate the hypothesis 
that considers a higher friction factor / during the uprush (Conley and GrifTm 
2004; Cox et al 2000). Selected friction factor values are based on published 
values previously presented by other researchers. Table 8.4 summarises the 
chosen parameters for the three numerical experiments in which the friction 
coefficient was set larger during the uprush. 
Again, in order to observe the changes in the predicted profile due to the 
variation in the friction factor only, these numerical experiments consider a 
constant and S3mimetric value for the transport efficiency, given by C = 12. This 
value is the Scime as that chosen in the gravel beach case. 
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Table 8.4 Selected friction factors ( / ) for each swash phase (rixed C -value). More friction during 
u p r u s h . 
Case C -value fuprush fback^mh 
m 12 0.008 0.004 
M2 12 0.006 0.004 
M3 12 0.005 0.004 
Figure 8.29 shows for the three experiments in Table 8.4 the comparisons of 
computed profiles after the action of 500 Tp. The profiles show that for the cases 
M2 (dotted line) aind M3 (dashed line) v^ ath a slightly bigger friction factor for the 
uprush, the resulting profiles are very similar, in both results it is possible to 
identify that the erosion below the SWL is not represented by these modifications 
of the friction factor. In addition, the results for the case M l , when the friction in 
the uprush is considered twice as big as that during the backwash, also shows 
very little improvement in the predicted profile, especially in the area below the 
SWL, where some accretion has been generated. 
The differential changes in Figure 8.30 confirm that the berm has appeared a 
little bit further down the profile. The result of the simulated profiles show that 
the accordance with the measurements is not as clear as it was for the gravel 
beach. Therefore, the modification of friction in the mixed beach does not play 
such an important role as it did in the gravel beach results. A plausible reason to 
explain this is the difi'erence of permeability for both beaches. The alteration of 
friction in the gravel beach might also be influenced by the high infiltration 
observed. 
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Figure 8 .29 C o m p a r i s o n of prof i les w i t h d i f f e r e n t f r i c t i o n f ac to r s d u r i n g u p r u s h / ^ ^ ^ (Fixed C -
value; { line) Measured prof i l e ; (-.-.-. l ine) Case M l s i m u l a t i o n ; ( . . . . l ine) Case M 2 s i m u l a t i o n ; (— 
line) Case M 3 s i m u l a t i o n . 
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Figure 8 .30 C o m p a r i s o n of d i f f e r e n t i a l changes fo r prof i les w i t h d i f f e r e n t f r i c t i o n fac tors d u r i n g 
u p r u s h f^^^ (Fixed C - v a l u e ; ( line) Measured p ro f i l e ; (- .- .- . l ine) Case M l s i m u l a t i o n ; ( . . . . l ine) 
Case M 2 s i m u l a t i o n ; (— line) Case M 3 s i m u l a t i o n . 
184 
C H A P T E R 8. R E S U L T S AND DISCUSSION 
In order to complete the analysis for the variability of friction for the mixed beach 
case, Table 8.5 presents the proposed numerical experiments to test the 
hj^othesis from Puleo and Holland (2001), which considers a higher friction 
factor / during the backwash. Although the evidence found in the gravel beach 
case suggest that predictions made using this hypothesis aire far from the 
measured profiles, these are here presented for completeness of the methodology. 
Table 8.5 Selected f r i c t i o n f ac to r s ( / ) fo r each swash phase (f ixed C -value) . M o r e f r i c t i o n d u r i n g 
b a c k w a s h . 
Case C -value f^pr^h fbacklash 
M B l 12 0.004 0.008 
MB2 12 0.004 0.006 
MB3 12 0.004 0.005 
Figure 8.31 and Figure 8.32 present the results for the three experiments in 
Table 8.5, the comparisons of computed profiles and differential changes, 
respectively after the action of 500 Tp. Both figures show poor correspondence 
between all three cases in and the measured profile. T h i s is in accordcince with 
results found on the gravel beach. The progressive bar growth is observed in 
relation with the value of friction, being the biggest bar that produced in case 
M B l . 
Although not as clear as in the gravel beach, simulations with this approach for 
the mixed beach also support the conclusion by Cox et al (2000) and Conley a n d 
Griffin (2004), that the friction f a c t o r / d u r i n g u p r u s h may be higher. Numerical 
results show that this hypothesis improves the simulations of morphological 
changes. 
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Figure 8 .31 C o m p a r i s o n o f prof i les w i t h d i f f e r e n t f r i c t i o n fac tors d u r i n g b a c k w a s h (Fixed C -
value . ( line) Measured prof i le ; (- .- .- . l ine) Case M B l s i m u l a t i o n ; ( . . . . l ine) Case M B 2 s i m u l a t i o n ; 
(— line) Case M B 3 s i m u l a t i o n . 
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F igure 8.32 C o m p a r i s o n o f d i f f e r e n t i a l changes w i t h d i f f e r e n t f r i c t i o n fac to r s d u r i n g b a c k w a s h 
fh<Kk^ (Fixed C - v a l u e . ( line) Measured prof i l e ; (-.-.-. l ine) Case M B l s i m u l a t i o n ; (. . . . l ine) Case 
M B 2 s i m u l a t i o n ; (— line) Case M B 3 s i m u l a t i o n . 
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8.3.2. Sensitivity to asymmetry in C 
To follow the structure of the analysis that was presented for the gravel beach, 
this section introduces a brief comparison to observe the sensitivity of the 
modelling approach to the variation of the efficiency factor in the sediment 
transport equation (given by the C -vadue). 
The use of different C -values for each phase of the swash for the gravel beach 
was supported on the basis the effects of infiltration that were observed in the 
experiments, but also the effects of a more accelerated u p r u s h (as stated by 
Nielsen), the differences of friction for each phase of the swash and a violent 
plunging breaker collapsing on the beachface. 
O n the other hand, in the mixed beach tested in our experiments, the mixture of 
grain sizes (70% gravel-30% sand) completely changes the amount of water that 
is being infiltrated within the beachface. Porosity measurements carried out in 
the G W K found mean values of porosity of 0.2 for the mixed beach (Lopez de S a n 
Roman-Bianco 2003). This value in comparison with that found for the gravel 
beach (0.44) will reduce the influence of infiltration played in the mixed beach 
d5mcmiics. 
Therefore the physical basis to modify the C -value in the mixed beach case 
could be mainly focused on the nature of more accelerated flows in the u p r u s h 
and the influence of the bore collapse on picking up sediments from the 
beachface. 
Figure 8.33 shows the simulated profile after the action of approximately 500 Tp, 
using identical uprush and backwash efficiency values C = 1 2 . Figure 8.34 
illustrates the differential changes v^dth respect the initial profile. In addition, 
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Figure 8.35 and Figure 8.36 present the same results when using different 
values for the efficiency transport during the u p r u s h and backwash 
^uprush-^^''>^backwash - both cascs , thc friction factor is kept constant 
/ = 0.004. 
From the comparison of these results, it is clear that for the mixed beach, the 
application of an asymmetric C -value does not considerably improve the 
simulations made by the modelling approach. The observed erosion in the 
experimental data is not reproduced by the modification of the efUciency factor. 
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Figure 8.33 Compar i son o f p rof i les u s i n g s y m m e t r i c C values . (.. . . l ine) I n i t i a l p r o f i l e , (-.-.-. l ine) 
s i m u l a t i o n w i t h = 12;C^4^^ = 12 , ( l ine) m e a s u r e m e n t s a f t e r 5 0 0 Tp 
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F igure 8.34 C o m p a r i s o n of difTerent ial changes u s i n g s y m m e t r i c C va lues . (- .- .- . l ine) s i m u l a t i o n 
w i t h = 1 2 ; C ^ ^ ^ y , = 1 2 , ( l ine) measu remen t s a f t e r 5 0 0 Tp . 
The inspection of figures with differential changes enables a quick identification 
of zones of erosion and deposition for both the measurements and the 
computational results. 
Another observed feature in the experiments is that the evolution rate for the 
mixed beach is slower than that observed for the gravel beach, for the same wave 
conditions and nearly identical initial shapes. 
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Figure 8 .35 C o m p a r i s o n of prof i les u s i n g n o n - s y m m e t r i c C values . ( . . . . l ine) I n i t i a l p ro f i l e , (-.-.-. l ine) 
s i m u l a t i o n w i t h r = 1 2 ; C , ^ ^ = 6 . ( l ine) measu red p ro f i l e a f t e r 5 0 0 Tp 
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F igure 8.36 Compar i son o f d i f f e r e n t i a l changes u s i n g n o n - s y m m e t r i c C va lues . (-.-.-. l ine) 
s i m u l a t i o n w i t h r ^ ^ ^ = 1 2 ; C ^ ^ , ^ = 6 , ( l ine) measu red p ro f i l e a f t e r 500 Tp 
If we analyse Figure 8.36, it is clear that the observed erosion occurring between 
the cross-shore distances of 264 and 267 is not reproduced in the simulations. 
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In addition, this result also shows the inability to produce the accumulat ion of 
beach material at the top of the profile; cross-shore distances 268-269m. 
This result may suggest that the asymmetry in the C -value is less able to mimic 
the processes that are taking part in the mixed beach evolution. Therefore, it is 
less useful for this case than for the gravel beach, which showed a better 
agreement. 
The next section vrill investigate the role of acceleration for this beach as it was 
done for the gravel beach case. 
8.3.3. Investigation on.acceleration effects 
This section includes a discussion of the acceleration effects on the computed 
beach profile changes for the mixed beach. The role of this process is investigated 
in the same way as it was carried out for the gravel beach, by us ing the modified 
bed-load equation given by (8.5). For all simulations presented here, the 
efficiency factor is kept constant and symmetric C = 12 . 
To determine the values of a^ ,^ (m/s^) and the efficiency given by K^(kg s mP), we 
set up a sensitivity analysis in order to induce morphological changes with more 
or less the same magnitude and rate as observed in the measured profiles. 
The sensitivity analysis started vrith the defmition of , the tested values are 
summarised in Table 8.6, the threshold was considered constant given by 
^chi = 0 . 0 1 m / s2 . Smaller values of were not considered because the effect of 
the acceleration in the overall behaviour of the equation would be very small , on 
the other hand, bigger values were tested and all of them reproduced higher 
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(unrealistic) evolution rates than those observed in the measurements, therefore 
it was considered better not to include them in the analysis . 
Table 8.6 Selected accelerat ion e f f i c i ency f o r each case. 
Case C -value / (kg s m?) 
M K l 12 0.004 O.OI 0.001 
MK2 12 0.004 0.01 0.002 
Figure 8.37 shows the results for the above numerical experiments, these 
simulations are compared with the measured profile for the mixed beach after 
500 waves. In this figure it is possible to observe that both simulations are away 
from the measured profile, the change in does not improve the prediction 
when us ing a threshold value of a^^^, =0.0\m/s^. Indeed, the resulting profile for 
case M K l when - 0,001 /eg s m?, is very similar to that found if no acceleration 
term is included (see dash-dot line in Figure 8.33). 
It is clear that both simulations are unable to reproduce the beach crest at the 
top of the profile, generating a feature that is completely reversed to that 
observed in the measurements. 
To confirm that j u s t with the variation of it is impossible to achieve a better 
prediction. Figure 8.38 presents the difTerentiad changes for both cases. 
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Figure 8.37 Measured a n d pred ic ted prof i les a f t e r 5 0 0 Tp. ( l ine) measu red prof i le ; (— line) 
S i m u l a t e d w i t h case M K l ; ( . . . . line) s i m u l a t e d w i t h case M K 2 . 
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Figure 8.38 D i f f e r e n t i a l changes for prof i les a f t e r 5 0 0 Tp. ( l ine) measu red changes; (— line) 
s imu la t ed w i t h case M K l ; ( . . . . line) s i m u l a t e d w i t h case M K 2 . 
Continuing with the sensitivity analysis, we now propose different values for the 
threshold constant given by a „, in equation (8.5). The efficiency term for the 
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acceleration is considered constant with a value of = 0.002 and the selected 
threshold constants are summarised in Table 8.7 
Table 8.7 Selected acce le ra t ion t h r e sho lds a^^^, fo r each case. 
Case C -value / a,„, ( m/s^] (kg s m?) 
M a i 12 ~ 0.004 O O l ' 0.002 
Ma2 12 0.004 0.09 0.002 
Ma3 12 0.004 0.2 0.002 
Ma4 12 0.004 0.5 0.002 
Figure 8.39 presents the predicted profiles for these cases in comparison with the 
measured profile at the GWK. From observation of this figure it is clear that to 
get results close to those measured in the G W K , it is necessary to keep a smal l 
value of a^^-,. The result displayed by the dotted line (case Ma4-a^„, =0.5 m/s^), 
generates a rather high and unrealistic simulation of profile evolution. O n the 
other hand, the dash-dot line (Case MaS- a^„, =0.2 m/s^) gives a better 
description for the size of the crest in the measured profile, although the rate of 
erosion below the S W L is not represented. It is interesting that for the 
simulations including the acceleration term in the sediment transport equation, 
there is a better agreement to be found than when the same modification was 
utilised for the gravel beach case. Despite the agreement found here being not 
entirely satisfactory, it shows that acceleration could indeed be playing a role in 
the shaping of the mixed beach. 
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Figure 8.39 Measured a n d predic ted prof i les a f t e r 5 0 0 Tp - Sens i t iv i ty to a^^,- ( line) measu red 
p ro f i l e ; ( l ine) S i m u l a t i o n w i t h case M a i ; (-o-o- line) S i m u l a t i o n w i t h case M a 2 ; (-.-.-. l ine) 
S i m u l a t i o n w i t h case Ma3 ; ( . . . . line) S i m u l a t i o n w i t h case M a 4 . 
To further confirm these results, the difTerential changes for these simulations 
are introduced in Figure 8.40, there it becomes clear that for the cases M a i , Ma2 
and Ma3, with a proportionate rate of change (in comparison with the measured 
profile), the inclusion of the acceleration term in the sediment transport equation 
improves the description of the crest at the top of the beachface. However, this 
modification is not useful to describe the rate of erosion between the coordinates 
264 and 266 in the cross-shore direction. 
A possible mechanism that is thought of as being responsible for the erosion at 
the coordinates 264-266m, is the bore collapse. During the exi>eriments a clear 
plunging breaker was observed collapsing around this coordinates. Clearly, this 
phenomenon is not modelled in the present approach. This mus t be another 
mechanism enhancing onshore transport. 
195 
C H A P T E R 8. R E S U L T S AND DISCUSSION 
Q -0.1 
259 260 261 262 263 264 265 266 
Chainage (m) 
267 268 269 270 
Figure 8 .40 Differential changes for measured and predicted profiles after 500 Tp- Sensitivity to 
a^^^. ( line) measured profile; ( line) Simulation with case M a i ; (-o-o- line) S imulat ion with case 
Ma2; (-.-.-. line) Simulation with case Ma3; (.... line) S imulat ion with case Ma4. 
The inclusion of an acceleration term in the bed-load transport equation shows 
that the influence of the acceleration in the swash zone of the mixed beach may 
be important. It was shown that when using this term in both swash phases the 
comparison was improved, although the improvement was not entirely 
satisfactory. 
The next section will introduce a sensitivity analysis to the use different pairs of 
C -values for the swash phase. T h i s is carried out in order to determine if 
another pair of values can improve the simulations made by the modelling 
approach. 
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8.3.4. Sensitivity analysis (C -value) 
In Section 8.3.2 it was shown in the mixed beach case, that selecting an 
asymmetrical C for the swash phase did not improve the simulations carried out 
by the modelling approach. However, this section presents a sensitivity analysis 
of the morphological changes to different pairs of C -values. This i s done in order 
to confirm that this modification is not as effective as it was for the gravel beach 
case. 
In addition, it is considered useful as it will enable u s to observe the sensitivity of 
the mixed beach profile predictions to the selected value for the transport 
efficiency. The range of values for this experiment was selected from that 
previously used in the gravel beach case and are summarised in Table 8.8. 
Table 8.8 Chosen C -values f o r sens i t iv i ty ana lys i s i n each swash phase a n d B r i e r S k i l l Scores fo r 
the beach p ro f i l e p r ed i c t i ons a f t e r 5 0 0 Tp - Mbced Beach . 
Case C -values Brier Skil l Score 
MB-A C = 8 * C = 
uprush ' bachfash 
= 4 -0.5398 
M B - B C - \ 1 C = 4 -0.5584 
M B - C = 4 -1.2044 
MB-2A ^ uprush » ) bachi ash = 3 -0.6352 
M B - 2 B ^ uprush ' s ^backM osh = 7 -0.4786 
M B - 2 C c = 12 • r 
^ uprush 1 J ^ bachi-ash 
= 10 -0.6304 
Firstly, Figure 8.41 shows the simulated profiles changing only Q^^^ (top three 
cases Table 8.8), these results are compared with the measured profile in the 
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G W K after 500 Tp. The figure clearly shows that the value of the Q ^ , ^ does not 
improve, as in the gravel beach case, the evolution of the beach profile. Moreover, 
all the simulations show unrealistic accretion around the S W L . 
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Figure 8.41 Predicted profiles after 500 Tp for different C-va lues : sensitivity to C^^^,^ . ( line) 
Measured profile; (... line) simulation with values in Case MB-A; (—line) s imulat ion with values in 
Case M B - B ; (-.-.-. line) s imulation with values in C a s e M B - C 
This is further confirmed in Figure 8.42 where the differential changes for all 
these simulations are presented. Here, the lack of a crest at the top of the profile 
is clearly identifiable. E v e n for the case with a larger ratio between C -values 
(MB-C), the crest is not well reproduced and high accretion from jus t below the 
SWL is observed. The low B S S shown in Table 8.8, also identifies the poor 
agreement for these cases. 
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Figure 8.42 Differential changes for predicted profiles after 500 Tp for different C-va lues : sensitivity 
^yprush • ( ^i"^) Measured profile; (.... line) s imulation with values in C a s e MB-A; (— line) 
simulation with values in C a s e M B - B ; (-.-.-. line) s imulation with values in C a s e M B - C 
To continue with the sensitivity analysis from the perspective of the backwash 
coefficient C ^ , ^ ^ , y , (fixing the C ^ ^ ^ ^ y , ) , we now use the selected values for cases 
MB-2A, M B - 2 B and M B - 2 C in Table 8.8. 
The beach profiles obtained are shown in Figure 8.43. Once again, simulated 
profiles show non-satisfactory agreement with the measured profile. The 
accretion generated by choosing a higher Q ^ , ^ is localised all along the profile 
over the SWL, whereas in the measured profile this is focused in the region where 
the beach crest is contained. 
Furthermore, the observed erosion below the S W L around the coordinate 264-
265m, is not captured by using the asymmetry in the C -values. This 
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disagreement between the simulated profiles and that measured at the GWK is 
also represented by the low values of BSS summarised in Table 8.8. 
All these observations are more evident in Figure 8.44, where differential changes 
for these simulations are presented. Here, i t can also be established that the 
morphological changes are better represented in magnitude by case MB-2B, 
using C^^,^ =12;C^^^,^ = 7. The asymmetry ratio for this case is approximately 
2, which is more in accordance with the ratio proposed by Masselink and Hughes 
(1998) dur ing their sandy beach study. However, i t should be noted that the 
evolution of the profile is not well reproduced by any of the cases. 
Interestingly, for the case using = \2; Cf^,^^^^ = 7 , a good agreement is 
found in the region of the slope jus t above the SWL. However, i t fails to describe 
the crest growth and the erosion below the SWL. 
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Figure 8.43 Predicted profiles after 500 Tp for different C-va lues : sensitivity to C^^.^^ . ( line) 
Measured profile; (.... line) simulation with values in C a s e MB-2A; (— line) s imulat ion with values 
in C a s e MB-2B; (-.-.-. line) simulation with values in C a s e M B - 2 C . 
200 
CHAPTER 8 . R E S U L T S AND DISCUSSION 
260 261 263 264 265 266 
Chainage (m) 
270 
Figure 8.44 Differential changes for predicted profiles after 500 Tp for different C - v a l u e s : sensitivity 
to C. . ( line) Measured profile; (.... line) s imulation with values in C a s e MB-2A; (— line) 
simulation with values in C a s e M B - 2 B ; (-.-.-. line) simulation with values in C a s e M B - 2 C . 
Indeed, i f some of the material f rom below the SWL could be transported to the 
top of the beachface, a better agreement would be found. As mentioned before, 
the physical mechanism believed to be responsible of this transport is the bore 
collapse on the beachface. Despite the simulation profiles for the mixed beach 
are away from the measurements, the discussion of the modelling results in the 
light of the observations during the GWK experiments have proved to be valuable 
to understand beach dynamics. 
If we discuss the results obtained for the gravel beach in combination wi th those 
for the mixed beach, we would expect to be in position to identify p>ossible 
mechanisms relevant to sediment transport and beach evolution for coarse-
grained beaches. This wil l be attempted in the next section. 
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8.4. Discussion on mixed and gravel beach results - A 
comparison 
This section introduces a discussion of the differences between the simulated 
and the measured profiles for both the beaches studied in the experiments at the 
GWK, Hanover. This is done in order to investigate the processes that control the 
beach evolution for the coarse-grained beaches. Firstly, differences on beach 
profiles tested at the GWK are examined. Then we continue with a summary of 
the pcirameters implemented when the modelling approach was applied for each 
of the cases. Lastly, the differences in the modelling results in comparison with 
measurements, and possible physical mechanisms involved on morphological 
changes for both beaches are summarised. 
8.4.1. Experimental differences at the GWK 
We shall consider the same wave condition for both beaches, mixed and gravel, 
as in previous sections. The key issue is to identify why their profile development 
is different between the beach materials. The gravel beach is comprised entirely 
by coarse-sediments, whereas the mixed beach is comprised by a proportion of 
70% gravel and 30% sand. This difference was further reflected in the porosity 
measurements carried out in the GWK. During the experiments, a total of 6 
samples were taken to measure this parameter, finding mean values of porosity 
of 0.4 for the gravel beach and 0.2 for the mixed beach (Lopez de San Roman-
Bianco 2003). This means that one difference between these two tests may well 
be the importance of infiltration effects and its impact in modifying the flows 
above the beachface. To qualitatively illustrate this difference. Figure 8.45 and 
Figure 8.46 show the pictures of the tested gravel and the mixed beaches at the 
GWK, respectively. In both pictures the event of the end of the backwash with the 
bore collapsing on the beachface is captured. In the gravel beach in Figure 8.45, 
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it is evident that most of the water which would be there for the backwash flow is 
infi l t rat ing into the beachface (represented by the arrows in the picture). If we 
compare it wi th the mixed beach shown in Figure 8.46, then it is noticeable that 
there is some water contained in the backwash phase of the swash. This 
graphically illustrates the difference mentioned in porosity and therefore a 
difference in the importance of inf i l t rat ion effects. 
I' 
Figure 8.45 Bore collapse on the gravel beach at GWK. Arrows represent the high infiltration 
Figure 8.46 Bore collapse on mixed beach at the GWK. Arrows represent the low infiltration. 
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Another observed difference in these beaches, also linked to the properties of the 
sediment, is the length of the observed swash region for both beaches. In the 
mixed beach, the formation of the crest is located two meters further than the 
crest in the gravel beach. In addition the evolution rate of the profile is slower for 
the mixed beach, for the same wave conditions and nearly identical initial shapes 
(see Figure 8.1 and Figure 8.28). 
8.4.2. Differences in setup of the modelling approach 
As has been shown in this chapter, the modelling approach was setup to 
simulate the profile evolution for the same wave conditions in both beaches. The 
main differences in the numerical runs for both beaches are in the parameters 
used for the sediment material that are controllable within this approach. These 
consist in the friction factor and the chosen mean grain diameter (d) for the 
sediment transport module. The parameters for both beaches are summarised in 
Table 8.9. 
Table 8.9 Sediment parameters chosen for s imulations of gravel a n d mixed beaches. 
Beach / d (m) 
Mixed 0.004 0.017 
Gravel 0.02 0.021 
The values of friction showed in this table correspond to all the computations 
apart from the numerical experiments on friction (using different friction factors 
for the swash phases) carried out on both beaches. 
204 
CHAPTER 8. R E S U L T S AND DISCUSSION 
8.4.3. Comparison of modelling results 
Considering that the initial profiles were nearly identical and that the wave 
conditions were the same, we could assume that same swash mechanisms had 
action on the both beaches dynamics. Among these mechanisms, we 
investigated: 
• Differences in friction factor for the swash phases. 
Looking at the hj^jothesis of different friction factors during the swash phase, 
numerical results in both beaches were found to support the conclusion by Cox 
et ai (2000) and Conley and Griffm (2004). This is, the use of a-higher-friction 
factor / during uprush improves the simulations of morphological changes. The 
emplojrment of this assumption in the computations showed a better description 
of the ctnomaly found during both experiments in the GWK (see Figure 8.4 and 
Figure 8.29). It should be noted that despite the observed improvement on the 
prediction of beach profiles with this hypothesis, the use of realistic asymmetric 
values in the friction factor did not yield satisfactory agreement between the 
measured and computed profiles for both beaches. The variation of friction by 
itself was not able to reproduce the measured profiles. A plausible reason to 
explain this is that other mechanisms apart from friction are having an 
importeint role in the overall response of coarse-grained beaches. 
• Acceleration. 
The investigation of acceleration effects was carried out using the term proposed 
by Drake and Calantoni (2001) to study the role of fluid acceleration in nearshore 
bed-load transport. The modelling approach implemented in this thesis, makes 
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it possible to discuss its effect by comparing the simulated profiles including this 
term with the actual measurements in the GWK. 
From the numericcd results including the acceleration term on the sediment 
transport equation, it is possible to establish for the gravel beach that these 
effects, although present in the beach, were not prevalent in achieving a better 
prediction of beach evolution as was observed in the GWK (see Figure 8.15). This 
result was believed to be a direct consequence of the limitations in the modelling 
approach. The wave equations consider the flow over an impermeable bed 
without considering the effects that infiltration may have on it. 
• Infiltration. 
Although the infiltration effects are not directly introduced in the modelling 
approach, here the availability of two types of beaches makes possible a further 
discussion of the infiltration effects on both beaches. 
Moreover, in the gravel beach, the modification of the C-value in the sediment 
transport equation was thought to be a consequence of the high infiltration 
observed during the experiments in the GWK. Although, this alteration of C -
value was considered on this basis, it should be noted that it may adso be 
including the rest of the mechanisms involved in the beach response. By 
comparing the numerical results of both beaches against each other, we expect 
to be in the position to elucidate the infiltration effects on coarse-grained beaches. 
The numerical results obtained by the adjustment of the C-value was found to 
give a better agreement for the simulations that correspond to the gravel beach 
case (see Figure 8.18 or Figure 8.22). In the mixed beach, although the prediction 
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was also improved ( see Figure 8.41 and Figure 8.43), the observed progress was 
not as evident as that seen in the gravel beach case. 
This comparison gives confidence in the assumption made that allovmig for 
infiltration in this way allows better predictions to be made. The variation of this 
coefficient must not be regarded as a detadled representation of the swash 
physics. However, this ad hoc approach, reasoned from observations of swash 
behaviour in the laboratory, appears to be justified on the basis of these results 
and their comparison. 
• Bore collapse. 
As the comparison of both the measurements and the numerical results obtained 
in this chapter was progressing, it was felt necessary to make a comment on 
another physical mechanism that may be important in shaping these types of 
beaches. This is the bore collapse from a plunging breaker and its role as a 
mechanism to stir up sediment from the bed to be carried onshore by the flow. 
This physical mechainism was observable in both the beaches tested at the GWK 
(see Figure 8.45 and Figure 8.46), but is not accounted for within the modelling 
approach implemented. This limitation of the model was more manifest in the 
simulated profiles for all the mixed beach results, where the observed erosion 
below the SWL was not reproduced by any of the modifications implemented (see 
Figure 8.29, Figure 8.39, Figure 8.41 and Figure 8.43). Whereas in the gravel 
beach case, the change in the C-value for the swash phase seems to describe all 
the beach change. This could be due to the narrowness of the swash zone 
observed in this beach, which makes infiltration and the bore collapse effects to 
be localised closer to each other. 
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8.5. Summary 
Table 8.10 presents a summary of the discussions carried out in this chapter, in 
which identified physical mechanisms controlling the beach evolution are listed 
with respect their importance in overall behaviour of both beaches studied. 
The mechanisms are: infiltration; a more accelerated uprush; differences of 
friction for each phase of the swash; and the entrainment of sediment by the bore 
collapsing on the beachface. AD these processes were mentioned as possible 
sources that may be working together to increase the onshore transport of 
sediment of both beaches. 
Table 8 .10 S u m m a r y of main phys ical m e c h a n i s m s behind beach evolution ( ^ ) high importance, 
(O) medium importance and (X) low importance or not present. 
Physical Mechanism Gravel Beach Mixed Beach 
Bore collapse 
Infiltration O 
Acceleration o X 
Bottom friction O 
Pre-suspended material X X 
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Chapter 9. Conclusions and Future Work 
9.1. Conclusions 
There are several conclusions that can be drawn from this investigation, these 
are: 
• From the mathematical framework to study wave hydrodynamics, it was 
found that the moving shoreline procedure (Lynett et a/., 2002) does 
provide a good agreement with the analj^cal solution of non-breaking 
waves and experimental measurement of breaking waves in the swash 
zone. In contrast, velocity computed by using the slot method shows 
noticeable deviation from the analytical solution and the measurements. 
For all the comparisons shown here, although limited, the moving 
shoreline procedure has been found to give a better representation of the 
data. 
• We have shown that it is possible to use a higher order Boussinesq model 
with moving shoreline boundary coupled with a bed-load transport model 
to investigate the processes that control coarse-grained beach evolution. 
• For both beaches studied, it could be established, that if the C parameter 
and bottom friction are kept the same in the uprush and backwash, 
accurate representation of profile evolution is not possible. Indeed, the 
features of the predicted profiles are reversed. 
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• Bottom friction was identified as a significant factor affecting the predicted 
profiles. It was shown that the use of different friction factors in each 
phase of the swash (uprush and backwash) improves prediction of the 
beach profiles. Numerical results in both beaches were found to support 
the conclusion by Cox et al (2000) and Conley and Griffm (2004). 
Therefore, the use of a higher friction factor /during uprush, improves the 
simulations of morphological changes. 
• The variation of friction by itself was not able to reproduce the measured 
profiles. A plausible reason to explain this is that more mechanisms apart 
from friction are having an important role in the overall response of 
coarse-grained beaches. 
• With regards to the study of the acceleration effects on simulated profiles, 
different results were obtained for each of the cases studied. For the gravel 
beach, the numerical results showed that including an acceleration term 
on the sediment transport equation, did not produce a better prediction of 
beach evolution as it was observed in the GWK data. This result was 
reasoned to be a consequence of the limitations in the modelling approach, 
thus the wave equations are derived for impermeable beds, which neglects 
the infiltration effects on the flow above the beachface. 
• On the other hand, in the mixed beach case, simulations including the 
acceleration term in both swash phases, showed a better prediction than 
in the gravel beach. This confirms that infiltration and its consequent 
reduction of the backwash phase, is not as significant in the mixed beach 
as it was in the gravel beach. This verifies that for a coarse-grained beach 
which is not very permeable, the use of an acceleration term on the 
210 
C H A P T E R 9. C O N C L U S I O N S AND F U T U R E W O R K 
sediment transport formulation, indeed improved the prediction of the 
beach profile response to the wave action. 
• The use of dissimilar values of the sediment transport efficiency (C -value) 
in the uprush and backwash was also attempted. This has been shown to 
provide superior predictions of beach profile quantified by the Brier Skills 
Score. From this result we infer that variation of the C -value 
parameterises important processes, apart from bottom friction and 
acceleration. 
• In the gravel beach, the modification of the C -value in the sediment 
transport equation was thought also to be a consequence of the significant 
infiltration observed during the experiments in the GWK. The numerical 
results obtained by the adjustment of the C-value was found to give a 
better agreement for the simulations that correspond to the gravel beach 
case. 
• In contrast, the observed improvement in the numerical results by 
modifying the C -value in the mixed beach was less significcint than that 
observed in the gravel beach. By comparing the numerical results from 
both beaches, it was possible to further discuss the infiltration effects on 
coarse-grained beaches. 
• Differences between the predicted profiles from setting non-identical C -
values and friction factors for the swash phase, axe believed to be linked to 
both the infiltration effects on the flow above the beachface, the bore 
collapse picking up sediment form the bed, and the accelerated flow in the 
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uprush. However, the ad hoc approach adopted here to mimic those effects, 
is not generalised and appears to vary with time as the profile evolves. 
Other processes are believed to be significant that are not encapsulated by the 
as3anmetry in the C-value, the change of friction factor during the swash or the 
inclusion of the acceleration term in the sediment transport equation. These 
include the bore collapse from a plunging breaker and its role as a mechanism to 
stir up sediment from the bed to be carried onshore by the flow. This physical 
mechanism was observed in both the beaches in the GWK, and it is not 
accounted for within the modelling approach implemented. Moreover, this 
limitation of the model was manifest in the simulated profiles for all the mixed 
beach results, where the observed erosion below the SWL was not reproduced by 
any of the modifications implemented. In the gravel beach case, this limitation 
was not evident as the change in the C -value for the swash phase seems to 
describe all the beach change. This could be due to the narrowness of the swash 
zone observed on this beach, which makes infiltration and the bore collapse 
effects closer to each other. 
In addition, for gravel beaches in the field it may also be important to consider 
the effect of tidal excursion on these systems. This must influence watertable 
levels and hence the position of regions of saturation and dryness which dictate 
the importance of infiltration effects. 
9.2. Future Work 
Further work is recommended in the fields of sediment transport in the swash 
zone and the induced sediment transport by plunging breakers collapsing over 
the beachface. It was shovm that the induced morphological changes in beaches 
212 
C H A P T E R 9. C O N C L U S I O N S AND F U T U R E WORK 
with steep slopes are due to more processes other than the velocity asymmetry. 
From the numericad results presented, the necessity to investigate the role of 
bore collapse as a sediment stirring factor is clear. This enhances the sediment 
transport and erosion close to the collapsing point, as was observed in both 
beaches at the GWK. It is believed that an approach such as that proposed by 
Drake and Calantoni (2001) to study the acceleration effects could be useful to 
mimic this effect. That is, the use of an equation dependent on the velocity 
skewness with a factor relating to the amount of energy dissipated by this 
mechanism, with the amount of sediment stirred from the bed, will suffice. 
From the perspective of the wave equations it is necessary to work on the 
improvements of the breaking criteria as it seems to be too simplistic. For 
beaches with steep slopes it is necessary to consider the plunging breaker in a 
more accurate manner. In addition, when working with gravel beaches it appears 
necessary to develop a theory which accurate describes the groundwater flows 
within the beachface, as it seems clear that the current hypothesis proposed by 
Darcy is not valid for this case. 
With respect to mixed beaches, the sediment dynamics and the representation of 
different grain sizes comprising a beach is another aspect that needs to be 
addressed. In addition, in order to get a complete understanding of beach 
dynamics, sorting processes and their role in the beach profile development 
should be investigated. 
Another issue that was evident during the development of this thesis is the lack 
of data in the swash zone of coarse-grained beaches. Although in the literature 
there are available sets of data, these contain information with regards to only 
one process acting on the beach, e.g infiltration (Blewett et al 2001). Therefore, it 
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is necessary to undertake carefully conducted experiments aimed at measuring 
all the hydrodynamic and sediment transport processes that are acting in the 
swash zone of coarse grained beaches [e.g. velocities, infiltration, beach profile 
changes, sediment distributions and water surfaces). 
Finally, the use of numerical models along with experimental observations has 
proven to be a useful tool in the identification of processes behind beach 
evolution. In the future, with further enhancement of these models, it will be 
possible for the coastal engineers to use them as a tool for the assessment of 
different scenarios, for instance, when designing coastal structures to control 
erosion problems. 
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